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Chapter 1 


PROPERTIES OF MUONS 


1.1 DISCOVERY OF THE MUON 


The muon was discovered by Anderson and Neddermeyer 
[1] and by Street and Stevenson [2] in 1936-1938, and was 
originally called the mesotron. In 1947, after the discovery of 
the pion and the phenomenon of a — p decay, the mesotron 
was re-named the muon. This was intended to emphasize 
the fact that in contrast to the ‘primary’ pions, which are 
produced directly in nuclear interactions, muons are of a 
secondary origin and appear during the decay of pions. 

The muon was the second ‘elementary’ particle discovered 
in cosmic radiation. The existence of the first particle - the 
positron ~- was established by Anderson in 1932. 

The discovery of the muon was not as unexpected as the 
discovery of the positron. It was the result of two years’ 
careful study whose aim was toresolve the various apparent 
paradoxes in the properties of cosmic rays. The experiments 
were carried out by Anderson and Neddermeyer with the 
same Wilson cloud chamber which was used in the dis- 
covery of the positron. They showed that a high proportion 
of cosmic-ray particles at sea level are highly penetrating. 
These particles were found to pass through thick layers of 
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heavy matter, e.g. lead, and lost their energy only through 
ionization. The aim of the experiments was to establish the 
nature of these penetrating, charged particles, which at 
that time were thought to be either electrons and positrons 
or protons. 

Attempts to identify these particles as protons produced 
various difficulties. For example, there were too many 
high-energy electrons among the ô rays produced by these 
particles. This was in conflict with the expected electron 
spectrum due to protons but was in agreement with the ô- 
ray spectrum expected if the particles ejecting the elec- 
trons were much lighter than protons. Moreover, at sea 
level, the number of positively and negatively charged par- 
ticles was approximately the same, which again precluded 
their identification as protons. At the same time, the par- 
ticles could not be identified as positrons and electrons. 
It became evident as a result of the theoretical work of 
Bethe, Heitler and Sauter that high-energy electrons should 
lose a considerable proportion of their energy by brem- 
sstrahlung. This conclusion was confirmed by qualitative 
observations of cosmic-ray electrons. The penetrating par- 
ticles did not exhibit such energy losses but could still be 
electrons if electrons of energy greater than about 100 MeV 
did not lose energy by bremsstrahlung. 

In order to verify this hypothesis, which was in fact the 
last attempt to explain the observed facts interms of known 
particles, Anderson and Neddermeyer placed a platinum 
plate in the Wilson chamber. They found that particles of a 
given energy passing through the plate could be divided into 
two groups: strongly absorbed particles (electrons) and 
highly penetrating particles. This result finally excluded 
explanations of existing data in terms of known particles. 
It was necessary to postulate the existence of positive and 
negative singly charged particles with a mass intermediate 
between the masses of the proton and the electron. Street 
and Stevenson arrived at similar conclusions. 

During the decade that followed, muons were identified 
with the heavy mesons of the Yukawa theory which were 
thought to be responsible for nuclear forces. The main dif- 
ficulty with this hypothesis was quite clear even then: fast 
muons arriving in the form of cosmic rays must have trav- 
ersed the entire earth’s atmosphere without appreciable 
absorption, whilst the Yukawa mesons were expected to 
interact strongly with nuclei and should be rapidly absorbed 
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in the atmosphere. This contradiction became even more 
acute after the work of Conversi, Pancini and Piccioni [38], 
who showed that cosmic-ray muons had anexceedingly weak 
interaction with nuclei. This was followed by the discovery 
of pions by Lattes, Muirhead, Occhialini and Powell in 1947 
[4, 5]. It became clear that cosmic-ray muons were of sec- 
ondary origin and were formed as a result of the decay of 
pions in the atmosphere. 

Fig. 1.1 shows a typical n— u — e decay recordedin a nu- 
Clear emulsion: the muon is produced after the pion comes 
to rest and then decays with the emission of an electron. 
Fig. 1.2 shows a photograph of three n—p—e decays ina 
propane bubble chamber. By measuring the ranges of muons 
from the n—uwu decays, it was found that they formed a 
group of monochromatic particles. This can be seen from 
Fig. 1.3 which shows the range distribution in nuclear emul- 
sion for 500 muons from m-—u decays as reported by 
Menon [6]. The mean range is 596 + 1 microns and the ob- 
served spread in the range can be explained by fluctuations 
in ionization losses. 

The appearance of monochromatic muons from n—u 
decays shows that the pion decays into two particles, one 
of which is neutral. If the latter is assumed to be the neu- 
trino, the decay scheme for the pion becomes 


nt —> ut +y (1.1) 


The decay of kaons is another source of muons. About 
70% of such decays occur according to the scheme 


Since the mass of kaons exceeds the pion mass by a factor 
of about 3.5, the monochromatic muons which are produced 
in this process have long ranges (approximately 20 cm in 
nuclear emulsion). Yet another source of muons is the Kas 
decay 


Ki es we mot 


whose probability is about 6% of the K,,-decay probability. 
The muons produced in K,3; decays have a continuous spec- 
trum. Long-lived neutral kaons and the leptonic decays of 
hyperons are also sources of muons. All these processes 
are, however, of secondary importance as sources of muons 
by comparison with 1—p decays. 


, | 
7 
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decay in a nuclear 
emulsion sensi- 
tive to relativi- 
stic electrons 


Fig. 1.3 Range spectrum for muons 
from 7—p decays in Ilford G- S 
nuclear emulsion (Menon) 
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1.2 MASSES OF PIONS AND MUONS 


In this section we shall consider recent accelerator 
measurements of the masses of pions and muons. 


1.2.1 Deflections in magnetic fields and ranges in emulsions 


The most careful measurements of this type were carried 
out by Barkas et al. [7] on the 184-inch synchrocyclotron at 
Berkeley. This experiment is illustrated schematically in 
Fig, 1.4. Pions produced at an internal target T, by proton 
bombardment were deflected by the field of the accelerator 
magnet and were finally intercepted by nuclear emulsions in 
which they came to rest. From the known geometry of the 
experiment and from the magnitude and topography of the 
magnetic field, it was possible to deduce the momentum Px 
of the pion, while measurements in the emulsion yielded its 
range R,. These two measurements are sufficient to est- 
ablish the mass of the pion if the range~enerpy relation is 
known. To avoid errors associated with errors in this re- 
lation, the same emulsions were calibrated using protons 
from inelastic scatters at a second internal target T, of the 
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Fig, 1.4 Determination of the masses of light mesons (Barkas 
et al.). T, and T, are targets which are the sources of pro- 
tons and pions. Nuclear emulsions and trajectories of protons 
and pions are shown on the right on an enlarged scale. Mag- 
netic rigidities (Hp) p and (Hp) n are known for each point in 
the photographic plate and the ranges R, and Rr can be 
measured 
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accelerator. The pion mass obtained in this way (in units of 
the electron mass mę) was found to be 


Mat = (273.34 + 0.33) me 


The error is determined by the spreadinthe ranges of pions 
(3.7%), the ranges of protons (1.5%) and by the statistical 
errors of the measurements which were carried out on 368 
positive pions and 60 protons. 

The mass of the negative pion determinedinthe same way 
was found to be 


Ma- = (272.8 + 0.45) me 


The x* to x mass ratio is therefore given by 


M y+ 


= 1.0021 + 0.0027 


= 


m- 


It may therefore be concluded that the masses of positive 
and negative muons are the same to within the limits of 
experimental error. 

The ratio of the masses of positive pions and muons was 
also measured in these experiments and the result was 


M4 
—" = 1.321 + 0.003 


ut 
and the mass difference was found to be 
Mn+ — Myr = (66.41 + 0.10) me 


From the above values for the positive-pion mass, we ob- 
tain the following result for the mass of the muon 


My+ = (206.93 + 0.35) me 


The mean momentum p of the monochromatic muons 
from pion decays was also determined in these experiments 
by comparing the ranges of positive muons from n — u — e 
decays in the emulsion with the range of positive muons 
entering the emulsion from the target. The momentum of 
the latter was measured by finding the curvature of their 
trajectories in the magnetic field. The value of po obtained 
in this way was 


Do = (29.80 + 0.04) MeV/c 
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The muon energy corresponding to this value of momentum 
is 


E, = oe = (4.19 + 0.01) MeV 


1.2.2 Negative-pion mass from the reaction 7” + p > n +Y 


The mass of negative pions can also be determined by 
measuring the energy of monochromatic y rays produced 
when negative pions come to rest in hydrogen. The capture 
reaction proceeds through the following two channels: 


nr +p->aty y (1.2) 


nt+p—>n+t n (1.3) 


This was shown by Panofsky et al. [8] who measured the 
y-ray spectrum due to negative pions stopping in hydro- 
gen. The experiments were carried out on the 184-inch 
synchrocyclotron and the y rays were recorded by a spec- 
trometer which measured the energy of electron-positron 
pairs produced by the y rays inalead plate. Such measure- 
ments established the presence of a monochromatic y-ray 
line due to the reaction (1.2) against a background of uni- 
formly distributed y rays produced in the decay of neutral 
pions from the reaction (1.3). 

Careful measurements of y-ray spectra from reactions 
(1.2) and (1.3) were carried out by Crowe and Phillips [9], 
who used a y-ray spectrometer with a resolution of 1.6% 
and took into account the recoil energy carried off by the 
neutron, the neutron-proton mass difference and the binding 
energy of the negative pion in the K shell. The mass of the 
negative pion obtained in this way was found to be 


Ma- = (272.74 + 0.40) me 


1.2.3 Masses of pions and muons deduced from mesonic X rays 


Measurement of the energies of characteristic X rays 
emitted by pionic and muonic atoms has been found to be the 
most accurate method of determining the masses of light 
mesons, This method will be discussed in some detail in 
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Section 4.2.5. Here, we shall only quote the results obtained 
by Koslov et al, [10] and Stearns et al, [11], and the recent 
work of Lathrop et al. [12] and Devons et al. [13]. The most 
accurate masses of pions and muons which follow from these 
experiments are 


Ma- = (273.34 + 0.13) me 
ye = (2006:70 E 0.02) m 


Measurements of the masses of charged pions and muons 
are summarized in Table 1.1. For completeness, this table 
also shows the values of the m` - mo mass difference ob- 
tained by Panofsky and by Chinowsky et al. 


1.3 MUON DECAY SCHEME 


The decay of amuon leads to the appearance of an electron 
and two light neutral particles which we can tentatively 
identify with the neutrino and the antineutrino respectively: 


ut—>ettv+y 


The three-particle decay scheme for the muon was first 
confirmed by measurements on the decay-electron spectrum 
in a Wilson cloud chamber, and by the absorption method. 
Leighton et al. [17] used a cloud chamber exposed to cosmic 
rays to determine the spectrum of decay electrons. The 
electron energy distribution obtained in this work is shown 
in Fig. 1.5, from which it is clear that the spectrum is con- 
tinuous and extends up to 50-60 MeV. The fact that the elec- 
tron spectrum is continuous was also confirmed by Zhdanov 
and Khaidarov [18] and by Steinberger [19] from measure- 
ments of the absorption of decay electrons in graphite. The 
average energy carried off by the decay electrons was 
found in these experiments to be approximately 35 MeV, i.e. 
of the order of one-third of the muon rest energy. From 
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this it was concluded that three light and weakly interacting 
particles were produced in the decay of muons. The exper- 
ments of Hincks and Pontecorvo [20], Sard and Althaus [21] 
and Piccioni [22] showed that the neutral particles from 
muon decays were not photons. It was therefore concluded 
that they were neutrinos which were known to originate in 
nuclear B decay. 

We shall now consider what information about the masses 
of neutrinos produced in the processes 


T—> UY 
u>retv+tv 


can be deduced from the measured pion and muon masses 
given above. Let us begin with the first decay. Conservation 
of energy and momentum leads to the following expression 
for the mass of the neutral particle produced in a—-u decay: 


d 
2 


My = (m5, + m? — 2M, V m? ai Pa ) 


Using the most accurate values for Ma, m, and p, (Table 
1.1), i.e. 


My, = (273.27 + 0.11) me 
My = (206.76 + 0.02) me 
Py = (29.80 + 0.04) MeV/e 


we find that the upper limit for the mass of the neutrino 
produced in the decay of pions is given by 


My =< Im, 


Similarly, the maximum energy received by the electrons 
in u — e decays may be used toestimate the masses of neu- 
tral particles produced in the decay of muons. The electron 
receives maximum energy when both neutral particles are 
emitted in the opposite direction to the electron, The mass 
of the neutrino is then given by 


My = 5 (mi + me—2m,Ee)”? 
where E, is the maximum energy of the electron in u—e 
decay. Using the most accurate experimental value available 
at present (cf. Chapter 2), i.e. 
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E, = (53.00 + 0.32) MeV 


and the above value of the mass of the muon, we find that 
the upper limit for the mass of the neutrino is given by 


Nis < Ome 


The hypothesis that the neutral particles produced in x — u 
and u — e decays are neutrinos may be regardedas experi- 
mentally verified to the accuracy indicated by the above 
figures. 

It is also worth mentioning a direct demonstration of the 
fact that the charged particle produced in the decay of the 
muon is in fact an electron. Fig. 1.6 shows a mx — u — e de- 
cay recorded in a nuclear emulsion. This photograph is 
interesting in that it shows a ‘fork’, due to a collision be- 
tween the charged product from the decay of the positive 
muon and an emulsion electron. About ten such forks were 
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Fig. 1.6 Scattering of a positron from a m—p—e decay by 
an electron in a nuclear emulsion. 1 and 2 are respec- 
tively positron and electron tracks after scattering 


observed by Minervina and Pesotskaya [23]. Energy meas- 
urements by the multiple-scattering method and kinematic 
analysis show that these forks are due to the collision of 
two particles of equal mass, and that the probability of ap- 
pearance of such forks is in agreement with the total cross- 
section of positron-electron scattering which follows from 
formulae given by Babha. 
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1.4 SPIN OF THE MUON 


There is considerable evidence that the spin of the muon 
is 1/2. This conclusion is based both on indirect experi- 
ments in which the theory has to be called upon to interpret 
experimental data, and on very direct experiments in which 
interpretation of the data requires general quantum-mech- 
anical properties of the angular momentum. Some of these 
experiments will be discussed here and the remainder will 
be considered later. 

Some evidence about the spin of the muon is provided by 
its decay scheme: u > e +v + v. If we assume that the two 
neutral particles in this scheme are identical with the neu- 
trino in B decay, there are only two possibilities for the spin 
of the muon: S, = 1/2 or 3/2. 

The earliest evidence of the fact that the spin of the muon 
must be less than 1 was obtained as long ago as 1941 from 
studies of electromagnetic interactions involving the pene- 
trating component of cosmic rays. Studies of ‘bursts’ in 
ionization chambers and Wilson cloud chambers screened 
from the soft component of cosmic rays showed that such 
bursts are produced as a result of a cascade multiplication 
of photons or high-energy electrons in the walls of the cham- 
ber or in the surrounding medium. The photons and electrons 
are due to bremsstrahlung or the formationoffast 6 rays by 
high-energy muons in the medium surrounding the chamber. 
Christy and Kusaka [24] used the Born approximation to 
show that the probability of such processes for nuclei with 
large Z increases with the spinofthe muon. They then com- 
pared the calculated probability of formation of such bursts 
by the penetrating component of cosmic rays withthe meas- 
urements of Schein and Gill [25] and concluded that high 
values for the muon spin, e.g. 1 or 3/2, had to be rejected, 
and that the most probable spin was 0, although a spin of 
1/2 was also possible. Subsequent calculations using more 
recent data on the energy spectrum andmass of the cosmic- 
ray muons (Belen’kii [26], Hirokawa et al. [27] and others) 
Showed that production cross-sections and the burst-energy 
spectra were in agreement with a muon spin of 1/2. 

A more direct determination of the spin of the muon is 
due to Garwin et al. [28] who found that parity was not con- 
served in m—w—e decay. They measured the g factor of 
the muon, i.e. the ratio of its magnetic moment in muonic 
Bohr magnetons (eh/2m,c) to its angular momentum in units 
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of fh. We shall discuss these experiments in detail when we 
deal with the non~conservationof parity inn — p — e decays. 
Here, we shall merely quote the result 


g = 2.00 + 0.10 


This is in agreement with g= 2, which is expected for 
Dirac particles with spin 1/2. However, we shall discuss 
accurate measurements of the g factor of the muon in 
Chapter 5. 


1.5 LIFETIME OF THE MUON 


The lifetime of the muon was first estimated as long ago 
as 1938-1941 by Rossi and others who used the anomalous 
absorption of the penetrating component of cosmic rays. In 
this phenomenon muons traversing equal amounts of matter 
in a dense medium andinthe atmosphere are absorbed much 
more strongly in the latter. Kulenkampf [29] showed that this 
absorption anomaly might be explained on the assumption 
that the penetrating component consisted of unstable 
particles, 

The first Geiger-counter measurements of the lifetime 
of the muon by the delayed-coincidence method were carried 
out by Rasetti [30]. This method was subsequently greatly 
improved by Rossi and Nereson [31]. The most accurate 
measurements of the mean lifetime of cosmic-ray muons 
appear to be those by Bell andHincks [32]. Their result was 


T, = (2.22 + 0.02)-10°* sec 


Very accurate measurements of the lifetime of the muon 
have recently been carried out by a number of groups. One 
such experiment is that performed by Reiter etal. [33] with 
the accelerator at the Carnegie Institute. The principle of 
the experiment is illustrated in Fig. 1.7. A beam of posi- 
tive pions with initial energies of 70 MeV was stopped by a 
carbon target, 2.5 cm thick. Pions coming to rest were indi- 
cated by 1234 coincidences.* Electrons produced from p — e 
decays in the graphite were indicated by 456 coincidences, 
The meson beam intensity was high so that the cyclotron 


* The symbol 4 represents an anti-coincidence; this notation will be used 
henceforth. 
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Fig. 1.7 Measurement of muon life- 
time (Reiter et al.). The Cu-Be 
absorber was used to degrade positive 
muons which finally came to rest in 
target C 


could be run at a low level, thereby reducing the general 
background in the experimental area. The time interval be- 
tween the entry of a positive pion into the graphite target 
and the exit of a decay electron was measured by counting 
the number of pulses from a 10-Mc/s oscillator. The oscil- 
lator was switched on and off by the 1234 and 456 coincidence 
pulses respectively and the number of oscillator pulses was 
recorded by a fast scaler. The mean lifetime of the positive 
muon obtained from these measurements was 


= (2.211 + 0.003). 1078 sec 


Data obtained by other workers are given in Table 1.2. 
The most accurate pion lifetimes which are available at 
present are 


= (2.56 + 0.05)-10°§ sec 
Tro = (1.05 + 0.18)-10°'° sec 


1.66 INTERACTION OF NEGATIVE MUONS WITH NUCLEI 


The basic experimental fact which forms the natural start- 
ing point for studies of the interaction of slow muons with 
nuclei was obtained in the well-known work of Conversi, 
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Table 1.2 Measurements of the lifetime of the positive muon 


Mean 
lifetime, 
usec 


Reference Source Time 


measurement 


[32] 2.22 +0.02 Cosmic rays | Delayed coin- 


cidences 


[34] 2.20 0.015 Accelerator 


CRO 


[35] 2,225 +0.006 Time-to-amplitude 


conversion 


[33] 2.211 40.008 Counting of oscil- 
lator pulses 

[36] 2.208 +0.005 » 

[37] 2.203 +0.004 » 


[57] 
[58] 
[59] 


2.202 +0.002 
2.198 +£0.001 


2.197 £0.002 


Pancini and Piccioni [38] who measured the lifetime of both 
positive and negative muons stopping in various absorbers. 
The principle of this experiment is illustrated in Fig. 1.8, 
where F, and F, are iron blocks each of which consists of 
two parts magnetized in opposite directions parallel to the 
axes of the Geiger counters A, B, C. These blocks act as 
lenses focusing slow muons of either sign on to telescope 
counters B, depending on the direction of the magnetic field 
in the blocks. The magnetic lenses were designed to ensure 
complete removal of muons of opposite sign whose energy 
was low enough for them to come torest in the absorber be- 
tween the counters B and the counter array C. A delayed 
coincidence system was used to record decay electrons emit- 
ted from the absorber in the time interval between 1 and 
4.5 psec after an ABC coincidence, which indicated that a 
muon had been stopped in the absorber. It was found that 
decay electrons were not produced when negative cosmic- 
ray muons came to rest in an iron absorber. This was an 
expected result, in agreement with the hypothesis that the 
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Fig. 1.8 Experiment of Conversi, Pancin1 and 
Piccioni. F, and F, are divided iron blocks with 
the two halves magnetized in opposite directions 
(B = 15 kgauss), They are used as magnetic len- 
ses for slow muons. Counters A and B are connec- 
ted in coincidence and pulses from counter C are 
fed into a delayed coincidence system which re- 
cords the decay of muons stopping 1n the absorber. 
The layer of lead above counters D absorbs decay 
electrons 


negative muons were captured by iron nuclei for a very short 
period of time. The appearance of decay electrons was, 
however, detected when negative muons were stopped ina 
graphite absorber. Their number was comparable with the 
number of decay electrons from positive muons stopping in 
graphite. It followed that, at least for light nuclei, the 
probability of absorption of a negative muon by a nucleus 
is of the same order as the probability of decay of a posi- 
tive muon: 


| | 


T ~ 29.10 ® sec 


~4.5-10° sec’! 


This was a paradoxical result because in 1946 cosmic-ray 
muons were the only known mesons and were identified with 
the Yukawa mesons which in turn were thought to be respon- 
sible for nuclear forces. Theory showed that such particles 
should be absorbed by nuclei in a time interval of the order 
of the ‘nuclear time’ ( ~10° sec). Even if we allow for the 
fact that a negative muon in the K shell of the mesonic atom 
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of carbon spends only about 10° of its life in the nucleus, 
we find that the probability ofits interaction with the nucleus 
is of the order of 


sis a eee 
1000 


while the probability of capture of negative muons by graph- 
ite nuclei estimated from the results of Conversi, Pancini 
and Piccioni turned out to be lower by a factor of 10", This 
experiment clearly indicated that the muons could not be the 
particles in the Yukawa theory. 

Following the work of Conversi et al., the interaction be- 
tween stopping negative muons with the nuclei of various 
different materials was subjected to intensive study. All the 
most important results obtained with both cosmic rays and 
with accelerators will be discussed in Chapter 6. Here we 
shall simply note that the interaction probability for nega- 
tive muons in the K shell of a mesonic atom has been very 
carefully determined right through the periodic table. It 
has been established that the probability of capture of a 
negative muon is very small in comparison with the recip- 
rocal nuclear time of 10% sec’. Existing experimental data 
are given in Fig. 3.16. It follows from these data that as 
Z increases from 3 to 82, the probability of capture of a 
negative muon by the nucleus increases from approximately 
0.3 x105 sec! to a number approaching 10’sec”™. It is 
therefore clear that a muon exhibits an exceedingly weak 
interaction with nuclear matter. The nuclear B decayis an- 
other example of an equally weak interaction. 

Pontecorvo [39] proposed that the interaction of the neg- 
ative muon with a nucleus can be described by analogy with 
K capture in nuclear Ê decay. The capture of an orbital 
electron by the nucleus is described by 


pre—-n+yv 


Similarly, a negative muon in the A shell of the mesonic 
atom can be captured by a nuclear proton. We therefore 
have the analogous reaction in which the proton is trans- 
formed into a neutron and a neutrino: 


puenty (1.1a) 


It will be found later that all the existing data on nuclear 
u capture can be explained in terms of this reaction. 
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1.6.1 Capture of negative muons by protons 


The capture reaction (1.1a) has been observed directly 
in the hydrogen bubble chamber. Neutrons produced in this 
reaction have energies Ex py/2Mn ~5.2 MeV, where Pv 
is the momentum ofthe neutrino and M, is the neutron mass. 
Direct observations of reaction (l.la) in liquid or gaseous 
hydrogen must involve the detection of such monochromatic 
neutrons correlated with stopping negative muons. This ex- 
periment was carried out by Hildebrand [40]. The negative- 
muon beam of the Chicago accelerator (99% negative muons; 
negative pion impurity approximately 0.5%) was stopped in 
an 8-litre hydrogen bubble chamber placed in a field of 20 
kOe. Photographs obtained in this experiment showed stop- 
ping muons and recoil protons appearing some distance 
away from the points at which the muons came to rest. 
These recoil protons were produced in collisions between 
neutrons from reaction (1.la) and protons in the chamber. 
An example of an event of this type is shown in Fig. 1.9. 
The energy of the neutron may be found from the range of 
the recoil proton and the direction of the line joining the 


Fig. 1.9 Capture of a muon by a proton in a 
Iiquid-hydrogen bubble chamber: the reaction 
was p+ p>n+v. The short thick track is a 
recoil proton produced in a collision between 
a neutron from reaction (1.1a) and a proton in 
the chamber. The diagram shows a muon 
decaying at rest (left) and a stopping muon 
without visible decay, apparently correlated 
with the appearance of the recoil proton 
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end of the negative-muon track and the beginning of the pro- 
ton track. The liquid-hydrogen bubble chamber was in fact 
used as a fast neutron spectrometer. The efficiency and re- 
solving power of this spectrometer were measured by Pyka 
[41] who used the xn -capture reaction 


m+ p>aty (1.2) 


This reaction yields monochromatic neutrons with energies 
of about 8.9 MeV. The neutron spectrum obtained in Pyka’s 
calibration measurement is shown in Fig. 1.10a. The mean 
energy of neutrons from reaction (1.2) was found to be 
E, = 8.86 + 0.05 MeV, while the Panofsky ratio was found 
to be R= 1.53 + 0.10. Neutron energy spectra obtained by 
Hildebrand are given in Fig. 1.10b (with the background sub- 
tracted) which clearly shows the presence of a 45-particle 
monochromatic group of neutrons with energies of about 5 
MeV. This result is a direct confirmation of the existence 
of the elementary reaction p 4- uw —> n + v, and can be used 
to determine the u -capture probability in liquid hydrogen, 
from the ratio of the number of negative muons captured by 
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Number of neutrons 


Fig. 1.10 Energy spectrum of neu- 
2 & & & WW 8 th trons from the reactions n+ p-n 
(b) +y (Pyka) and po+ponty 

Neutron energy, MeV (Hildebrand) 
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protons to the total number of negative muons stopping in 
the chamber: 
N _ 
Aas A 
stop 

where Age 4.5 x 10° sec”! is the decay probability of a free 
muon. In order to determine the number of negative-muon 
captures by protons it is also necessary to know the effi- 
ciency of the bubble chamber for approximately 5.2-MeV 
neutrons. The efficiency was found to be close to 0.12. The 
capture probability obtained by this method was Ap = 434 = 
100 sec? . This probability can also be determined from the 
ratio of the number of stopping muons which are not accom- 
panied by the appearance of a decay electron to the total 
number of stopping muons N,,,,. Owing to the presence of 
impurities whose nuclei may capture muons, this second 
method yields only the upper limit for the probability of 
capture otf negative muons by protons: 


Ay = 613 + 50 sec’! 


The probability of negative-muon capture by protons in 
the liquid hydrogen filling the bubble chamber is very dif- 
ficult to relate directly to the probability of capture of a 
muon by a proton, since the latter may occur either in the 
mesonic atom (up) or the mesonic molecule (ppp). In the 
second case the meson can be captured by either of the two 
protons and the capture probability is higher by a factor of 
roughly 2 as compared with the probability of capture of a 
muon by a proton. However, the uw -capture probability for 
a proton is very dependent on the spin state of the two in- 
teracting particles. We shall consider these problems in de- 
tail later, but for the moment let us merely note that these 
mesomolecular complications in the interpretation of the 
Hildebrand experiment do not affect the estimated probability 
of capture of a muon by hydrogen which is of the order of 
10? sec?. 


1.6.2 Capture of negative muons by He °? 


Zaymidoroga et al. [42] have investigated the capture of 
negative muons by He? nuclei in the reaction 


wu + He? > H? + vy 
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Helium does not form a molecule, and from the point of 
view of mesomolecular phenomena there are no difficulties 
in the interpretation of this reaction. The reaction was ob- 
served in a diffusion chamber filled with He’ to a pressure 
of 20 atm and placed in a field of 6 kOe. The purity of the 
He? isotope was better than 99.999% andthe tritium impurity 
did not exceed 107°, Fig. 1.11 shows a characteristic photo- 
graph of the capture of a negative muon in He’, The curved 
track is due tothe negative muon. A tritium nucleus and neu- 
trino are formed at the point where thenegative muon came 
to rest (the neutrino does not leave a visible track in the 
chamber). Tritium nuclei produced in this reaction should 
have energies of approximately 1.90 MeV, which in this ex- 
periment corresponded to a range of 2.32 mg/cm’, Fig. 1.12 
shows the measured range distribution for tritium nuclei in 
this experiment: most of the tracks form a group with a 
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Fig. 1.11 Capture of a negative muon 
by He? nucleus in a diffusion cloud 
chamber (w+ He H?+v). w is 
the track of the stopping negative 
muon and T the track of the tritium 
nucleus H? (Zaimidoroga et al.) 
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maximum at 
Rys = 2.37 + 0.02 mg/cm? 


which is in agreement with the expected range of 2.32 mg/ 
cm?, The further group near 5.5 mg/cm? is due to tritium 
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Fig. 1.12 Range spectrum of 

tritium nuclei from the reaction 

w+ HeH?’ +v 
nuclei produced in the radiative capture reaction x + He? 
—> H? + y (the negative-muon impurity of the beam was 
2%). The probability of capture of a negative muon by the 
He? nucleus was found to be 


Ages = (1.41 + 0.14)-108 sec? 


1.7 THE UNIVERSAL FERMI INTERACTION 


The universal Fermi interaction was proposed in 1948- 
1949 by Klein [43], Clementel and Puppi [44], Tiomno and 
Wheeler [45] and Lee et al. [46]. Evidence for the validity 
of this hypothesis which was available in 195lhas been dis- 
cussed by Fermi in his book Elementary particles. 

Consider the elementary phenomena of 6 decay, e.g. the 
decay of the neutron or the capture of an orbital electron 
by the nucleus 


n>ptety 


pe =n (1.4) 
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and the elementary reactions involving muons, i.e. their 
decay 


a apy 9 (1.5) 
and nuclear capture 
po + paaty (1.5) 


The 8 decay (1.4) and the decay and capture reactions (1.5) 
have clearly much in common: each involves four fermions 
(spin 1/2 particles), two of which are neutral. 

In Fermi’s theory of B decay, which was first proposed 
by Fermi in 1934, the -decay process is described by a 
point interaction between four fermions. The Hamiltonian 
for this interaction was written down by Fermi by analogy 
with the Hamiltonian describing the interaction of fermions 
with the electromagnetic field. Suppose that yp; and ,; are 
the wave functions for the initial and final states of a fer- 
mion, and that the field is specified by vector and scalar 
potentials (A, ©). In quantum electrodynamics, the ampli- 
tude for the transition yp; —> , is given by 


M= $ dr (ppp) D — (yay, A} 


where the asterisk indicates the conjugate function, and a 
is the Dirac spin matrix. The analogy utilized by Fermi to 
obtain the transition amplitude for the fi decayn>p-+e+Vv 
involved the following substitutions: 


pap: —> Ppaph 
A > (Yeapy) 
prp (Pph) 
P — (pepy) 
In this form the transition amplitude for the reaction (1.4) 
is known to correspond to a pure vector interaction in f - 
decay theory. For very approximate calculations ofthe pro- 
bability of B decay we can confine our attention to the first 
term in the Hamiltonian, i.e. 


21 (P pn) (Pepa) (1.6) 


since terms involving the Dirac matrix @ are important 
only for the description of relativistic effects (g1 is the 
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coupling constant for nuclear p decay). By analogy with 
this interaction, reactions involving the decay of the muon 
and its capture by a nucleus (1.5) may also be described by 
a similar Hamiltonian with coupling constants g, and g; : 


2 (Pu Pe) (Py Py) 
23 (Wap) (Py Pp) 


It has been pointed out [43-46] that gi, gz and g, are of 
the same order of magnitude. The approximate formulae 
for the reaction probabilities in terms of the coupling con- 
stants were derived by Fermi [47] on the basis of (1.6) and 
(1.7) and are given in Table 1.3, together with the experi- 
mental probabilities and coupling constants obtained for 
comparison between theory and experiment. The fact that 
the three coupling constants were ofthe same order of mag- 
nitude was regarded as experimental evidence for the exist- 
ence of a universal Fermi interaction. 

Symbolically, the hypothesis of the universal Fermi in- 
teraction involving four fermions can be represented by the 
Puppi triangle (shown in Fig. 1.13) with one pair of strongly 


(1.7.) 


Table 1.3 Orders of magnitude of the weak-interaction constants 


Neutron decay: Muon decay: Capture of muon 
Interaction n>opt+e +o pisvet4 ven by a proton: 
uU +tp>n+yv 


Hamiltonian gp*ne*v Jau* ev*v gan* pvu* 


Calculated a? 
probability of A =g? 
interaction 4r 

5 4 

x Mu? 

h? 
Experimental 
probability, X Re ans 
sec” Tt 2.2x10° A=10 
Coupling con- ~3 x 107 ~3 x 107° 


stant, erg.cm? 
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(7, p) 


Fig. 1.13 Weak-interaction 
triangle (Puppi triangle) (G y) (4, Y) 


interacting fermions (n, p) and two pairs of weakly interacting 
fermions (e, v) and (p, v) at the three corners respectively. 
The last four particles are now referred to as leptons. 
The interaction between each ofthese fermion pairsis char- 
acterized by the same coupling constant and should be capable 
of explaining the following weak-interaction phenomena: 

1. Decay of the neutron or the capture of a K electron: 

(np), (ev) side of the triangle. 

2. Decay of the muon: (ev), (uv) side of the triangle. 

3. Capture of the negative muon by a proton: (np), (Vv) 

side of the triangle. 

Until 1957 the universal Fermi interaction theory, which 
was based on the striking fact that the effective coupling 
constants were of the same order of magnitude, did not lead 
to an agreement between existing experimental data and 
quantitative calculations. It is now Known that the reason 
for this failure was a series of inadequate experiments. 
The discovery of the non-conservation of parity and the 
subsequent review of all experimental results led to the 
development of a new weak-interaction theory which has 
restricted all possible interactions to the vector and axial- 
vector variants with equal and opposite constants. 

In the following chapters we shall discuss in detail experi- 
mental data on the weak interactions of muons and the con- 
clusions to which they lead, together with data on nuclear 
B -decay. 


1.8 ELECTRON AND MUON NEUTRINOS 


Consider the triangle in Fig. 1.13, which symbolically 
represents weak interactions. Until recently there were 
hardly any experimental data which could indicate whether 
or not the neutrinos at the corners of the triangle were dif- 
ferent particles. If they are in fact different particles, 
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and let us distinguish between the electron neutrino ve 
and the meson neutrino v,. The capture of an electron 
or a muon by a proton can then be written in the form 


ae a a (1.8) 


H aay eee Vi (1.9) 


These are in fact definitions of the electron and meson neu- 
trinos. When read in the reverse direction these reactions 
describe the creation of electrons or muons in the interac- 
tion of a neutrino and a neutron. The problem of whether or 
not the two neutrinos are identical can be resolved experi- 
mentally by a method put forward by Pontecorvo [48]. If the 
neutrinos are identical (ve = v,) collisions between nucleons 
and neutrinos at energies high enough to produce muons 
(reaction (1.9)) should result in the creation of both muons 
and electrons. If, on the other hand, meson neutrinos pro- 
duce only muons but not electrons, this could be regarded 
as evidence for the fact that the meson and electron neu- 
trinos are different (Vve = Vu). 

As far as the degree of difficulty is concerned, this ex- 
periment may be compared with the well-known experiment 
of Reines et al. [49] wno observed interactions between free 
antineutrinos and matter. The source of the antineutrinos 
was a large nuclear reactor and the reaction studied was 


Vet pant et (1.10) 


Another experiment with free antineutrinos from a nuclear 
reactor was carried out by Davis [50] who tried unsuccess- 
fully to observe the reaction 


Ve + Cl? > A3? + e (1.11) 


This reaction involves the transformation of a neutron in 
the C]? nucleus into a proton, and is therefore reaction 
(1.8) proceeding in the reverse direction. In order that it 
could occur, it is sufficient that v and v, should be ident- 
ical particles. The above experiments show that the neu- 
trino and the antineutrino are not identical, i.e. there exist 
a neutrino ve and an antineutrino v,. Taken in conjunction 
with the absence of double f-decay, these experiments have 
been regarded as the experimental foundation for the 
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hypothesis of the conservation of the number of neutrinos 
(in general, of leptons) in weak interactions. 

The cross-section for the reaction (1.10) is extremely 
small, so that it is very difficult to observe. Reines et al. 
measured this cross-section (averaged over the energy 
spectrum of antineutrinos from the nuclear reactor) and 
found that 


_ 


o (v + p—>n + e) = (1.10 + 0.25).10743 cm? 


A cross-section of this magnitude precludes the observation 
of the interaction of muon neutrinos with matter, since the 
possible sources of such neutrinos have an intensity which 
is lower by many orders of magnitude than the intensity of 
and antineutrino beam from a large nuclear reactor. 

The theory of the universal Fermi interaction provides 
a means of calculating the energy dependence of the cross- 
section for the interaction between neutrinos and antineu- 
trinos on the one hand and protons and neutrons on the other. 
Consider the reactions 


EE eee ae (1.12a) 
v+ p—>n+u* 
E E (1.12b) 


in which electrons and muons are produced by high-energy 
neutrinos. If the neutrino energy is not too high (less than the 
proton rest energy Mpc’) the cross-section is given by 


peg OD (1.13) 
se 


where p is the momentum of the neutrino in the centre-of- 
mass system of the colliding particles and g is the weak- 
interaction constant. It is evident from this formula that the 
cross-section increases rapidly with the energy of the neutri- 
no. However, this increase in the cross-section with energy, 
which was derived on the assumption of a point interaction 
between the four fermions, cannot continue indefinitely. 
Lee and Yang [52], Yamaguchi [53], Gabibbo and Gatto [04] 
and others have shown that if the point interaction between 
fermions is replaced by an interaction between particles 
having a finite volume, by the introduction of form factors 
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which are determined by the transferred momentum, then 
in the ultra-relativistic case when the energy of the light 
particles in (1.12) is much greater than the proton rest en- 
ergy, the cross-sections for these reactions tend to a def- 
inite limit which is approximately given by 


o = 0.7-10738 cm? 


Although this cross-section is exceedingly small, it is still 
greater by five orders of magnitude than the cross-section 
for the interaction of the antineutrino from nuclear §-decay. 

Decays of high-energy pions in flight may be used as 
sources of high-energy muon neutrinos. Pontecorvo[48] and 
Schwarz [55] have shown that the intensity of neutrino, beams 
produced in this way with the large accelerators which are 
currently available is sufficient or almost sufficient for such 
experiments. 

The time necessary for an experiment of this kind is only 
about two years. The experiment has in fact been carried 
out by Danby et al. [56] on the Brookhaven proton synchro- 
tron which produces 30-GeV protons. Most of the neutrinos 
used in this experiment were produced in pion decays 

mop ty mop Nyy 
and the object was toobserve reactions (1.12a) and (1.12b). 
Both reactions should be observed if the electron and meson 
neutrinos are identical. If they are not identical, only the 
muons should appear. 

The principle of this experiment is illustratedin Fig. 1.14 
which shows part of the Brookhaven proton synchrotron. A 
beryllium target intercepting 15-GeV protons was locatedon 
one of the 3-metre straight segments of the accelerator. 


Steel 
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Fig. 1.14 Experiment of Danby et al. 
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High-energy pions produced inthis target were emitted pref- 
erentially in the direction of the primary proton beam. The 
detector recording neutrino interactions was located at a 
distance of about 34 m from the target and was screened by 
13.5 m of iron from the flux of pions and muons from the 
target. The neutrino-~interaction detector consisted of ten 
identical spark chambers, each of which contained approx- 
imately a ton of matter. The detector is illustrated schemat- 
ically in Fig. 1.15. Eachoftheten spark chambers contained 
nine aluminium plates (area 1.1 x 1.1 m’, thickness 2.5 cm) 
separated by air gaps. The device was screened from the 
top, from the front and from the rear by the special scintil- 
lation counters B, C, D, arranged in anti-coincidence. They 
cut off the recording system when charged cosmic-ray par- 
ticles and random muons which had penetrated the screen 


Fig. 1.15 Disposition of spark 
chambers in the neutrino detector. 
Arrow shows the direction of the 
neutrino beam 


passed through the detector. The pulse from scintillators A 
between the spark chambers was used to control the appli- 
cation of the high voltage to the spark chambers. The success 
of this experiment was largely due to the ingenious way in 
which the spark chambers were controlled. The control sys- 
tem used the fine time structure of the proton beam which 
considerably reduced the cosmic-ray and the random co- 
incidence backgrounds. 

The neutrino energy spectrum expected under the condi- 
tions of this experiment is shown in Fig. 1.16. It falls to zero 
at about 2 GeV. The figure also shows on an enlarged scale 
(x 10) the expected spectrum of neutrinos from the decay of 
kaons in the beam. The ordinates give the number of neutri- 
nos per 1-GeV energy interval per 1 cm? of the surface of 
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Fig. 1.16 Expected energy spectrum of 
muon neutrinos in the Brookhaven experi- 
ment. The number of neutrinos per GeV 
per cm’ of the detector for 10° protons 
incident upon the target is plotted against 
the neutrino energy in GeV 


the detector for 10" protons entering the target. The total 
number of protons which passed through the target in this 
experiment was about 3.5 x10". The muons and electrons 
produced in reactions (1.12) must have had energies in ex- 
cess of approximately 100 MeV, since the neutrino energy 
was shown by the spectrum to be high. Altogether 34 single 
muons with momenta greater than 300 MeV/c and without 
accompanying high~energy electrons were observed in the 
spark chambers. Fast electrons would have produced show- 
ers consisting of a large number of particles. The response 
of the spark chambers to electrons was tested by exposing 
them to 400-MeV electrons. 

Fig 1.17 shows two typical photographs of muon tracks 
originating inthe plates ofone ofthe spark chambers. Exper- 
imental estimates of the expected background due to cosmic- 
ray muons have shown that the number of such mesons did 
not exceed 5 out of the 34 observed events. Moreover, the 
observed number of high-energy muons is ofthe same order 
as the effect expected for aninteraction cross-section of the 
order of 10 è! cm’. This experiment has thus shown that the 
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Fig. 1.17 Two typical cases of the 
appearance of muons in the aluminium 
plates of the spark chamber 


muon neutrinos can produce muons but not electrons. It fol- 
lows that the muons and electron neutrinos appear to be 
different particles. 

Further studies of this basic problem were performed at 
CERN. As a result of the neutrino experiment a consider- 
able improvement in the statistics of neutrino interactions 
was achieved [60, 61]. 

Let us briefly review the CERN experiment. To begin 
with, the intensity of the neutrino beam atCERN was higher 
than the Brookhaven intensity by a factor of about 200. This 
was due to a number of reasons. First, the CERN experi- 
ment was performed with the extracted proton beam so that 
the muons emitted at 0° to the beam could be used. Second, 
the CERN workers employed magnetic focusing. Finally, the 
intensity of the CERN accelerator was higher by a factor of 
2-3 as compared with the Brookhaven intensity andthe mass 
of matter in the spark chambers was 100tons instead of 10. 
Moreover, the CERN neutrino beam was passed through a 
freon bubble chamber having a volume of 500 litres and 
placed in a magnetic field of 27 kgauss. About 500 neutrino 
interactions were observed in one chamber. The rate of 
neutrino events in this remarkable experiment was 12-18 
per hour in 1963 and up to 40 per hour in 1964. More than 


32 Muons 


95% of all these events involved a neutrino interaction. 

As regards the identity of the muon and electron neu- 
trinos, the result of this experiment may be summarized as 
follows. Let MN, be the number of events in which muons 
were created, and N.e the number of events in which elec- 
trons were created. If ve =v,, then the ratio R = N/N, 
should be equal to unity. The result obtained at CERN was 
R = (1.7 +0.5) x 10°*, which was less than unity by a factor 
of more than 50. The difference between the muon and elec- 
tron neutrinos (see Section 2.14) may thus be regarded as an 
experimentally established fact. 


Chapter 2 


PION DECAY 


2.1 NON-CONSERVATION OF PARITY IN WEAK INTERACTIONS 


In this chapter we shall consider experimental data on 
pion and muon decays of the form 


| en 
U>etvt+yv 


and certain other much less probable decay modes. These 
decays occur with the participation of the neutrino and are 
typical examples of weak interactions which are character- 
ized by exceptionally small coupling constants (approximate- 
ly 10 *“erg.cm*). An important feature of weak interactions 
is the fact that they do not conserve spatial parity. This 
phenomenon was predicted by Lee and Yang [1]. The ex- 
perimental basis for their theory was the so-called paradox 
of Kx, and Kw decays. It is known that all charged kaons 
have the same mass and the same lifetime and it is there- 
fore natural to expect that there is only one kaon but with 
a number of decay modes including 


Kin +n (2.1) 
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than” (2.2) 


Kin 

The internal parity of the Km meson is (—1)5, where S is 
its spin. On the other hand, analysis of the energy Spectra 
and angular distributions of pions originating in Km, decays 
carried out by Dalitz [2] showed that the probable spin and 
parity of the Km meson is 0° or 2 respectively. A Km 
meson with a spin of 0 or 2should, however, have a positive 
rather than a negative parity. This problem canbe resolved 
in two ways. It canbe assumed that the masses and lifetimes 
of all the kaons are equal but that the Km and Km, mesons 
are different particles with different parities. The other 
possibility, which was considered by Lee and Yang, is that 
they are identical particles but that parity is not conserved 
in the decays of kaons, nor, in general, in interactions such 
as (2.1) and (2.2). 

The 6 decay of polarized Co® nuclei and 1 — p — e decay 
were the first phenomena in which the predicted non-con- 
servation of parity was experimentally verified. These ex- 
periments have in fact become the experimental foundation 
for the two-component theory of the neutrino put forward by 
Lee and Yang [3], Landau [4] and Salam [5]. 


2.1.1 Non-conservation of parity in n-u-e decay 


The first experiment in which the non-conservation of 
parity in n — u — e decay was observed was performed by 
Garwin, Lederman and Weinrich [6]. The experiment is 
illustrated schematically in Fig. 2.1. The beam of 85-MeV 
positive pions extracted from the accelerator contained 
about 10% of positive muons, mainly from pions decaying 
in flight near the cyclotron target and in the deflecting and 
collimating systems. The separation of pions and muons 
was achieved in the usual way, using a graphite absorber 
which stopped pions but transmitted muons with the same 
initial momentum. The muons finally came to rest ina 
graphite target. The entry of a muon into the target was in- 
dicated by a coincidence between the scintillation counters 
1 and 2. The subsequent u — e decay in the graphite target 
was recorded by a positron telescope consisting of two 
scintillation counters (3, 4). 

Coincidence pulses from counters 1 and 2 were delayed 
by 0.75 u sec and were used to gate the system so that it 
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Fig. 2.1 Experiment of Garwin, 
Lederman and Weinrich in which 
non-conservation of parity in n= 
—e decay was established 


counted positrons leaving the graphite target in thetime in- 
terval between 0.75 and 2.00 u sec following the arrival of 
the muon at the target. Let us suppose that the muons were 
polarized in the direction of motion. This implies non-con- 
servation of spatial parity in m—-u decay, and the aim of 
the experiment was to search for any asymmetry in the an- 
gular distribution of the emitted positrons relative to the 
direction of motion. The probability of emission of decay 
positrons was measured at different angles @ to this direc- 
tion. It is plain from the figure that if there is no magnetic 
field near the graphite target, the positron telescope will re- 
cord positrons for which ¢ approached100°. When a current 
is passed through the loop shown in Fig. 2.1, the spin of the 
muon precesses in the constant magnetic field H (which is 
perpendicular to the plane of the drawing) with an angular 
frequency 


eH 


O=g ~ 4,28 .10'gH sec"! gauss”! (2.3) 


217, C 
where g is the gyromagnetic ratio (g factor) of the muon, 
e/m, the ratio of its charge to mass, and H the magnetic 
field. As a result of this precession, the angular distribution 
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of the decay positrons will rotate about the direction of the 
magnetic field together with the spin. The angular distribu- 
tion can therefore be obtained for a constant geometry of 
the experiment by measuring the 34 coincidence rate as a 
function of the current in the coil: to each value of the cur- 
rent there corresponds a mean angle of rotation of the spin 
of the muon. Experimental data corrected for the exponential 
decay of positive muons are shown in Fig. 2.2 where N is 
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Current in the magnetizing coil, A 


F1g.2.2 Non-conservation of parity in 7--e de- 
cay (Garwin et al.) 


the number of counted positron pulses and N, the number 
of pulses counted in an equal time interval but with the mag- 
netic field reduced to zero. The curve represents the distri- 
bution 


dN ~ [1 + acos (fo — ot)] dt (2.4) 


where a is the asymmetry coefficient, œ the meson Spin 
precession frequency, and ð, the initial phase determined 
by the geometry of the experiment. In this particular ex- 
periment it was found that the asymmetry coefficient was 
very nearly a= -1/3 and the precession frequency œ was 
found to be in agreement with g = 2, which is the value of 
the g factor for a Dirac particle. 

An equally clear demonstration of the non-conservation 
of spatial parity in n — u — e decay was obtained from meas- 
urements in nuclear emulsions and bubble chambers in which 
positive pions came to rest, and the complete n — u — e 
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sequence could be observed. The first measurements of 
this kind were performed by Friedman and Telegdi [7]. 
Fig. 2.3 shows distributions obtained by Weissenberg [8]. 
In this figure the number of decay positrons is plotted as a 
function of the projected angle in the plane of the emulsion. 
This distribution is similar to the distribution obtained in 
the experiments of Garwin et al., and theasymmetry can be 
described by 


dN ~ (1 + a cos ®) dd (2.5) 


which is analogous to (2.4). The asymmetry coefficient lies 
within the range a œ~ -(0.08-0.14), depending on the type of 
emulsion. 

Extensive measurements of this kind have shown beyond 
any doubt that the angular distribution of the decay electron 
is asymmetric with respect to the momentum of the muon 
at the instant of decay. However, the u — e decay occurs 
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Fig. 2. 3 Angular distribution of positrons from 
the 7+-y*+-e* decay in normal (a) and diluted 
(b) NIKFI emulsion. The number of decay posi- 
trons in the interval A@ = 18° 1s plotted as a 
function of the angle 0 between the momentum 
of the positive muon at the point where the n—p 
decay occurred and the momentum of the electron 
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after the muon has come to rest, when the only specially 
defined direction is the direction of its spin. It follows that 
the direction of the muon spin is related to the direction of 
emission of the muon from the decay of a pion (longitudinal 
polarization of the muon), and that the probabilities of emis- 
sion of electrons in u — e decay in the direction of the spin 
of the muon and in the opposite direction are not equal. It 
has thus been demonstrated that spatial parity is not con- 
served in the m—yp and w—e decays. 


2.1.2 Non-conservation of parity in the B decay of polarized Co°° nuclei 


The decay of polarized Co® nuclei was the first phenom- 
enon which was found to exhibit non-conservation of parity 
in weak interactions. Co® nuclei have spin / = 5 and positive 
parity. They are found to decay in accordance with the 
scheme 


Cot? —> Ni + ety (2.6) 


Since the Ni® nucleus has the same parity and a spin of 
I = 4, the observed 5* > 4* transition belongs to the class 
of /—/— l transitions which occur without change of par- 
ity and are known in -decay theory as pure Gamow-Teller 
transitions. The experiment of Wu et al. [9] involved the 
comparison of the intensity of B decays for two opposite 
polarizations of the initial Co® nucleus. This experiment 
was analogous to the experiment of Garwinet al. considered 
above, except that in the Garwin experiment it was the n — u 
decay which acted as the polarizer of positive muons while 
in the Wu experiment the Co® nuclei were polarized by the 
Rose-Gorter method. We shall not go into thedetails of this 
well-known experiment and will confine our attention to a 
summary of the results. It was found that the counter record- 
ing decay electrons emitted approximately in the direction 
of the magnetic field producing the polarization showed a 
very large change in the counting rate when the direction of 
the magnetic field polarizing the Co® nucleus was reversed. 
The change in the sign of the magnetic field corresponded 
to a rotation of the spin of the Co ® nucleus through 180°, so 
that this result may be regarded as evidence for consider- 
able asymmetry in the angular distribution of decay elec- 
trons relative to the direction of the nuclear spin. This 
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distribution is of the form 


dN ~ (1+ a cos ĝ) dQ (2.7) 


where dQ is an element of solid angle, ð the angle between 
the spin direction of the Co®? nucleus and the momentum of 
the § particle, and a the asymmetry coefficient. This co- 
efficient turned out to be negative, i.e. electrons emitted in 
the decay of polarized Co® nuclei are preferentially emitted 
in the direction opposite to that of the Co® spin axis. 

A characteristic feature of the experiment of Wu et al. 
was the very large magnitude of the observed effect. For 
electrons with velocity Bp =v% =~ 0.6,the measured asym- 
metry coefficient turned out to be of the order of 0.4. Since 
the polarization of Co® nucleiinthis experiment was p ~ 0.6 
(it was determined from the anisotropy of the y rays emitted 
by Co®%’), the actual value of the asymmetry parameter cor- 
responding to complete polarization of the original nucleus 
is 0.4/0.6% 0.7. Theory predicts that the observed asym- 
metry coefficient should be proportional to the velocity of 
the 6 particles emitted by the nucleus, and therefore for 
relativistic electrons one would expect an asymmetry co- 
efficient of about 1 in this experiment. This corresponds to 
the maximum possible asymmetry, when there are no decays 
in which the electron is emitted in the direction of the nuc- 
lear spin. This effect canbe illustrated by the polar diagram 
of Fig. 2.4. The solid curve represents approximately the 
conditions in the experiment of Wu et al. (B ~0.6, p ~ 0.7). 
The broken curve shows the effect expected for a completely 
polarized nucleus and relativistic electrons (8 =1). 


Fig. 2.4 Polar diagram showing the 
angular distribution of B particles 
in the experiment of Wu et al. The 
distance from the centre of the nu- 
cleus to the curve is proportional 
to 1+acos@, The broken curve 
shows the situation expected for a 
completely polarized Co*® nuclei. 
The solid curve corresponds to the 
experiment of Wu et al. The change 
in the spin of the nucleus is Al = 
—]; the electron and the antineutrino 
are emitted in opposite directions, 
showing that the two particles have 
opposite helicities 
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2.1.3 Helicity of the neutrino. Two-component theory 


Subsequent experiments performed in many laboratories 
have extended and improved the data discussed above. All 
the most important results on x — u — e decay and some of 
the basic data on £ decay will be discussed later. Here, we 
shall give a qualitative explanation of the above experiments 
in terms of a model in which the neutrino is regarded as a 
particle with spin parallel to momentum. This model is a 
consequence of the two-component theory of the neutrino put 
forward by Landau [4], Lee and Yang [3] and Salam [9]. The 
equations which form the basis of this theory were put for- 
ward by Weyl as far back as 1929. Pauli [10] then pointed 
out that these equations described a particle with spin par- 
allel to its momentum, and rejected them because this was 
in conflict with the conservation of spatial parity. 

In contrast to the usual Dirac theory, in which the neutrino 
is described by four-component wave functions, the new 
theory describes the neutrino by two-component functions 
forming a solution of the Dirac equation for particles of zero 
rest mass: 


Py = F (Gp) Y (2.8) 


where p is the momentum and o the Pauli Spin matrix for 
the neutrino, The eigenvalues of this equation are (op)= = p 
and correspond to wave functions for spins parallelor anti- 


parallel to momentum (S92) = 1 or -1 respectively). 
The quantity 
=P) 
p 


is defined in the two-component theory of the neutrino as 
the helicity of the particle. The neutrino is regarded in this 
theory as rotating like a right-handed or left-handed screw 
(positive or negative helicity). 

Physically, Equation (2.8) shows that for a given momen- 
tum the particle may be found in one of the two possible 
states with equal and opposite energies. These two states 
correspond to the particle and the antiparticle, with spin 
and momentum lying in opposite directions. We shall call 
the particle with negative helicity the neutrino, and that with 
positive helicity the antineutrino. 


= 1 (2.9) 
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Such two-component neutrinos have the following proper- 
ties: 

1. The neutrino is not invariant under space reflection 
P of coordinates in which the momentum p changes sign 
but the spin direction is conserved. This means that space 
reflection transforms the neutrino into a particle in a non- 
existent state (Fig. 2.5a). 

2. The neutrino is also non-invariant under charge con- 
jugation C. This transformation converts the left-handed 
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Charge conjugation (C) 
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Fig. 2.5 Spacereflection, charge con- 
jugation and ‘combined inversion’ in 
the two-component theory of the 
neutrino 
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neutrino into a left-handed antineutrino. In the two-component 
theory, the antineutrino must be a right-handed particle 
and therefore charge conjugation will again transform the 
neutrino into a particle in a non-existent state (Fig. 2.ob). 

3. The two-component neutrino is invariant, however, 
under successively applied operations of charge conjugation 
C and space reflection P : these operations (Fig. 2.5c) trans- 
form the particle into the antiparticle, e.g. a neutrino into 
an antineutrino. The existence of this invariance inthe two- 
component theory was pointed out by Landau [4], who referred 
to it as the conservation of combined parity. 

Let us consider now the  — p — e decay sequence (Fig. 
2.6). We shall assume for simplicity that meson and electron 
neutrinos are identical. 

Since the spin of the pion is zero, while the spin of the 
neutrino is antiparallel to its momentum, it follows from the 
law of conservation of spin that the muon and the neutrino, 
which are emitted in opposite directions, should have the 
same helicities, i.e. H, = Hy = 1 or H, = H, = -1. The two 
possibilities are indicated in the upper part of Fig. 2.6. 

In the decay of the muon 


u> e tvt 
we shall consider only the limiting case where the electron 
receives its maximum energy. This occurs when the neutrino 
and the antineutrino have equal momenta which are opposite 
to the momentum of the electron. The total angular momen- 
tum carried off by the neutrino and the antineutrino emitted 


Fig. 2.6 Helicity of particles in 
m—u—e decay on the two-component 
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in the same direction is zero (the neutrino and the antineut- 
rino have opposite helicities) so that the entire spin of the 
muon becomes available for the electron. If we assume that 
the electron is longitudinally polarized, i.e. it has definite 
helicity, then the direction in which itis emitted can only be 
parallel to the direction in which the muon is emitted in the 
m— u decay. The two directions will be thesame if the hel- 
icity of the muon and of the electron is the same, or they 
will be opposite if the helicity of the electron is opposite to 
that of the muon. Since the second possibility is indicated by 
experiment, we may conclude that the muon and its decay 
electron have opposite helicities. However, studies of the 
asymmetry in x — u — e decay cannot yield the absolute 
helicities of both particles, i.e. one cannot distinguish in 
this way between the right- and left-hand sides of Fig. 2.6. 
The experiment of Wu et al. may be explained in a similar 
way (cf. Fig. 2.4). The 5—4 transition occurs during the 
decay of Co® andthe total momentum carried off by the anti- 
neutrino and the electron should be equal to 1. Consider an 
electron emitted in the direction of spin ofthe Co® nucleus, 
and suppose that its energy approaches the maximum energy. 
Since in this case the recoil momentum of the nucleus is 
negligible, the electron and the antineutrino are emitted in 
opposite directions. Suppose now that the momentum of the 
antineutrino is parallel to its spin. In this case, if the total 
transferred momentum is to be 1, the electron should be 
emitted in the backward direction and its spinshould be op- 
posite to its momentum. It follows that the representation in 
which the antineutrino has a spin parallel to its momentum 
explains the observed asymmetry in the angular distribution 
of the decay electrons and their longitudinal polarization. 


2.1.4 Non-conseryation of parity in Ku, decay 


The longitudinal polarization of the muon at the instant of 
z — u decay is due to the fact that the neutrino emitted in 
the decay of the spinless pion is longitudinally polarized. 
This situation is also found to occur in the decay of thè K,, 
meson whose spin is also zero: 


Kyu u+ (2.10) 


It follows that if the same type of neutrino is produced in 
both decays, the muons from the m — u and K — u decays 
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should have the same polarizations. The conservation of lep- 
tons and the longitudinal polarization of the neutrino can thus 
be investigated by measuring the polarization of the muon 
from K, decay. 

We shall now consider the experiment of Combes et al. 
[11] who succeeded in measuring this polarization. The prin- 
ciple of this experiment is illustrated in Fig. 2.7. A beam 
of positive kaons with momenta of about 480 MeV/c was 
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Fig. 2.7 Measurement of the polarization of muons pro- 
duced in K >p +v decay (Coombes et al.) 


stopped in a polystyrene target S. Monochromatic positive 
muons from K,, decays in this target lost their energy in 
the absorbers and finally came to rest in target P, which 
was placed in a solenoid producing a horizontal magnetic 
field. Under these conditions the spin of the positive muon 
will precess in the plane of the drawing. The water-filled 
Cerenkov counter W stopped protons having the same inci- 
dent momentum as the positive kaons, and was connected in 
an anti-coincidence system thus ensuring that pions which 
were present in large numbers in the positive kaon beam 
were eliminated. The arrival of a positive kaon in the tar- 
get S and of a muon from 4° decay in the aluminium target 
P was indicated by WABCDEFGH coincidences, whilst the 
appearance of decay electrons was indicated by 3214G (or 
4563G) coincidences. A special electronic circuit was used 
to determine the time interval between these coincidence 
pulses. A definite angle of rotation of the muon spin in the 
constant magnetic field of the solenoid corresponded to each 
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Such time interval, and the decay curve determined in this 
way was expected to be modulated in accordance with the law 
l +a cos (fo — wt), where a is the asymmetry coefficient for 
the K,, decay and the muon spin precession frequency. 
Fig. 2.8 shows the results obtained in this experiment with 


Number of decays 


Fig. 2.8 Decay curve for positrons 
from K>pu+v decays; the decay expon- 
ential exp(—t/r) 1s modulated by the 
sinusoid Lifetime of the positive muon, p sec 


with a field of 50 gauss. The number of u — e decays per 
unit interval of time is plotted as afunction of the spin pre- 
cession time (equal to the lifetime). It is evident that the 
exponential decay curve was in fact modulated by a sinusoid 
with a period determined by the muon spin precession fre- 
quency o (cf. Equations (2.3) and (2.4)): 


N (H ~ etr [1 + acos (o — of)] 


The asymmetry coefficient was found to be 
a = — 0.31 + 0.04 


which is in agreement with the result 


a = — 0.305 + 0.033 


obtained by Coffin et al. [12] who measured the asymmetry 
in n — u — e decays when muons came to restin an alumin- 
ium target under approximately the same electron detection 
conditions (in both cases the range of recorded electrons was 
in excess of 9.3g/cm?). This experiment therefore showed 


46 Muons 


that muons produced in the decay of pions and K,, mesons, 
ie. 
n —> pu +v and Kp > pty 


have the same longitudinal polarizations. It follows that the 
helicities of both neutrinos are the same, and therefore the 
neutrinos which appear together with the muons have the 
same properties in both decays. The identity ofthe two neut- 
rinos is also necessary for the validity ofthe law of conser- 
vation of leptons. 


2.2 ELEMENTS OF z -u-e DECAY THEORY 


Before we proceed to the basic experimental facts about 
x — u —e decay, let us consider the elements of u — e de- 
cay theory. In accordance with the hypothesis ofa universal 
Fermi interaction, this theory is constructed by analogy 
with the theory of nuclear B decay. Consider the basic pro- 
cess of nuclear p decay, i.e. the decay of the neutron 


n>pt+ecty (2.11) 


The Hamiltonian for this process will also describe all 
processes which are obtained from (2.11) by transposing one 
of the particles in the equation and changingit into the anti- 
particle, e.g. the capture of an orbital electron 


Pape Sey (2.11a) 


or the inverse ĝ decay 


ptvon+et (2.11b) 


The most general form of this Hamiltonian [1], which takes 
into account the non-conservation of spatial, charge and tem- 
poral parity, is 


H= Ler (pp en) PT ipy) + gi (Wel in) (Yel s) (2-12) 
+ Hermitian conjugates 


This expression consists of two parts characterized by the 
coupling constants g; and g;. The constants g; determine 
effects which occur with non-conservation of parity. Each of 
the operators , corresponds to the creation of a particle, 
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indicated by the subscript k, or the annihilation of the anti- 
particle, while the operator ww, corresponds to the annihil- 
ation of a particle k (or the creation of the antiparticle). 
The operators w are four-component Dirac spinors andeach 
pair of such spinors is separated by the operator T; or the 
operator Ij; in those terms of the Hamiltonian which are 
responsible for the non-conservation of parity. The require- 
ment of relativistic invariance of the interaction leads to the 
fact that the Hamiltonian may in the most general case con- 
sist of the sum of five terms corresponding to the scalar 
(S), pseudoscalar (P), tensor (7), vector (V) and axial-vector 
(A) parts of the interaction. The operators I; which corres- 
pond to the five types of interaction are 


Ps =1, l p = — iY; 
(Py) p = Yp, (I a)p = — iYpY5 
j (2.13) 
Truy = —— (Yu Yv —YvYp) 

© 2V2 


where y; are the usual Dirac y matrices and Ys = ViV2YsVa. 
By analogy with nuclear P decay, the decay of the muon 


u+ —> et Hyv +y 


is described by the Hamiltonian 
H => È gi (ape apa) Tip.) ae gi (Pel pa) (PE Ysp) (2.14) 


in which the operators I; are defined as above, þe is the 
electron creation operator, py and Yy are the antineutrino 
and the neutrino creation operators respectively, and, is 
the muon annihilation operator. Larsen et al. [13], Okun’ et 
al. (14, 16], Kinoshita and Sirlin [15], Sharp and Bach [17] 
and others have discussed the various consequences which 
follow from the non-conservation of parity in p — e decay. 
In particular, the above Hamiltonian leads to the following 
expression for the decay probability of the free muon (in 
sec!) in the process pt >e} -tyv v: 


4 
aN (x, n= tsq—9+20( 52-1] — 


T §cost la — x) + 20 5- 1) |) x’ dxdQ 
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(This formula is obtained if one neglects the rest energy of 
the electron in comparison with its kinetic energy.) In this 
expression, dN (x, 8) is the number of decay electrons with 
energies between x and x + dx, which are emitted in the 
solid element dQ at an angle @ to the direction of the muon 
spin at the instant of the n — u decay. The signs - and + in 
front of the term including cos ô, which arise as a result 
of non-conservation of parity, refer to negative and positive 
muons respectively. The electron energy x in this formula 
is given as a fraction of the maximum energy which the 
electron can receive in the decay process (x= E/Ewax; 
Emax & 52.8 MeV). Therefore 


The parameter rt in (2.15) represents the mean lifetime of 
the muon which is equal to the reciprocal of the total decay 
probability: 
| 
| dN (X59) = — 

It is evident from the above formula that the shape of the 
energy spectrum of decay electrons and their angular dis- 
tribution are determined by the three parameters ọ, € and 
ô. The first of these is usually called the Michel parameter 
[18] and characterizes the form of the isotropic part of the 
electron spectrum. The second parameter § determines the 
form of the term in (2.15) which is asymmetric in Ù, and is 
analogous to the Michel parameter o in the isotropic part 
of the spectrum. It is clear thatthe parameter Ẹ represents 
the asymmetry in the angular distribution averaged over the 
entire spectrum. In fact, on integrating Equation (2.15) with 
respect to the electron energy between 0 and 1, we find that 
the angular distribution of the electrons is of the form 


dQ 


| 
dN (0) = = 


: (2.15a) 


1 
[1k 5 £088 | 


In this expression, §/3 = a is calledthe asymmetry coeffi- 
cient of the angular distribution; the parameter £ determines 
the degree of longitudinal polarization of the muon at the in- 
stant of n — u decay. 

The three parameters o, 6 and &, together with the mean 
lifetime of the muon, t, depend on the five pairs of weak- 
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interaction constants g; in the Hamiltonian H (Equation 
(2.14)). We shall not reproduce this dependence here and 
will only note that the four parameters t, e, & and 6 can be 
measured experimentally. They represent only four relation- 
ships between the ten complex (twenty real) constants. It is 
evident that an experimental determination of t, 0, €and 6 
is insufficient to fix the interaction constants. The situation 
is not much improved even by the introduction of more com- 
plicated experiments, e.g. studies of the polarization of elec- 
trons from u — e decays. 

The Hamiltonian is considerably simplified by the fact 
that weak interactions are invariant under time reversal. 
The strongest experimental evidence for this is thedecay of 
polarized neutrons for which there is an experimental cor- 
relation between the plane of emission of the electron and 
the antineutrino, and the spin of the proton. The invariance 
of weak interactions under time reversal is a consequence 
of the conservation of combined parity and the so-called 
CPT-theorem of Pauli and Luders. Invariance under time 
reversal ensures that the constants g and g in the Hamil- 
tonian (2.14) are real, and therefore instead of twenty real 
constants there are only ten 

Studies of non-conservation of parity in the § decay of 
Co®, and in n — u — e decay which we described above, show 
that there is a maximum degree of non-conservation of 
parity in these phenomena. This means that the coupling 
constants g; and g; in the interaction Hamiltonian, which 
correspond to terms conserving and not conserving parity, 
are approximately equal. This is most easily seen, for 
example, in the experiment of Wu et al. which involved a 
pure Gamow-Teller transition determined by the axial- 
vector interaction. Theory [1] shows that the asymmetry of 
the emitted decay electrons is 


dN (8) ~ (1 + ABp cos Ù) dQ 


where ß = vicis the electron velocity, p the degree of polar- 
ization of the Co® nuclei, 6 the angle between the direction 
of the spin of the original nucleus and the momentum of the 
decay electron, and A a coefficient describing the degree of 
asymmetry which is given by (in the absence of a tensor 
term in the Hamiltonian) 
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Experiment yields A = 1 + 0.05 from which it follows that 
the two axial-vector constants are equal. If this result is 
extended to all the remaining constants, their number is re- 
duced by a factor of 2 and the expression for the interaction 
Hamiltonian in nuclear 6 decay (Equation (2.12)) andin muon 
decay (Equation (2.14)) can be described by five real con- 
Stants: 


He = Zg: (pal vhs) OPTi (1 +s) py) (2.16) 
Hy= De (Apel pa) OPT: (1 + ys) py) (2.16a) 


The form of the interaction Hamiltonian is simplified still 
further in the two-component theory of the neutrino, with 
the result that out of five constants only two remain. 

In this theory the neutrino wave function (we are assuming 
that the neutrino has negative helicity) satisfies the trans- 
formation 


Yy = ~y 


It is readily seen that if we introduce this neutrino into the 
Hamiltonian (2.16a), which describes the decay of the muon, 
the terms in the Hamiltonian corresponding to S, T and P 
interactions will vanish and the only remaining terms will be 
those corresponding to vector and axial-vectorinteractions: 


H, = E E (PeT ipu) (PP; (1 + Ys) py) (2.17) 


where 
Pyo=Vo, UWa)o=ivors 


Similarly, the Hamiltonian for the f -decay interaction in- 
volving this neutrino will be of the form 


He = a Ei (rl ipp) OPT s (1 Ys) pe) (2.17a) 
If the helicity of the neutrino is positive, then 
YsPy = Dy 


The vector and axial-vector interactions are thus removed 
and the S, P and T interactions remain. 
In the two-component theory, the four parameters of 
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m— u — e decay (see Equation (2.15)) are given by 


l 2 2 
ene (Ga gv) 
, . 2,18 
_ gvga t gag e 5—2 ee 
gal’ +fav)? 4 4 


Moreover, the energy spectrum of the decay electrons and 
their angular distribution in the two-component theory as- 
sume the form 


dN ~ 2x°{(3—2x) + Ecos (1—2x)ldx dQ (2.19) 


Further simplification of the interaction Hamiltonian is 
introduced in the V—A theory (Sudarshan and Marshak 
[20], Feynman and Gell-Mann [21], Sakurai [19]) in which 
it is assumed that the vector and axial-vector interaction 
constants are equal and opposite, i.e. 


EV == “S24 [8 


It can readily be shown that in this case the Hamiltonian for 
the u —c decay (2.17) is of the form 


g (PuYo (1 i V5) py) (PvYo (1 ae Ys) We) (2.20) 


while the Hamiltonian for 8 decay is 


g (PrYo (1 + Ys) Pp) Pvp (1 + Ys) Pe) (2.20a) 
The u — e decay parameters given by (2.18) are then 
Io mE 
o 6 3 
T SXF Xn (2.21) 
3 


Experimental data on u — e decay will be discussed in de- 
tail below. We shall compare them with the predictions re- 
sulting from the adopted form of the Hamiltonian and will 
see that none of the experiments which have been performed 
so far are in good agreement with the predictions which 
follow from the V —A interaction Hamiltonian (2.20). We 
shall then briefly consider B-decay data in order to estab- 
lish an agreement, if any, with the Hamiltonian (2.20a). 
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9.3 LIFETIME OF THE FREE MUON 


If the p decay of the neutron and the decay of the muon 
are described by the same coupling constant, then the coup- 
ling constant determined from nuclear f decay should, after 
substitution into the expression for the lifetime of the muon 
(Equation (2.21)), yield the correct value for this parameter. 
We can use for this purpose the value of the coupling con- 
stant obtained from the f decay of O"; 


OU» N14* J- e ty (2.22) 


This decay involves the pure Fermi transition 0* — 0* which 
is described by a Hamiltonian with a unique vector coupling 
constant. Experimental studies of the electron spectrum and 
of the lifetime in this decay have þeen carried out by Bardin 
et al. [23] who obtained the following result: 


ft = (3060 + 13) sec 


where ?¢ is the mean lifetime of the fB-active O! nucleus 
and f the usual dimensionless quantity in the theory of ß 
decay, representing an integral over the p -particle spec- 
trum. In this case, the theory of B decay yields the following 
expression for the vector constant [24] 


yell? fe Vt 2 
gE e MeC (2.23) 
Mp \Mec/ (ft)o 4 


where Mr is the matrix element for the decay of O". Since 
this matrix element can be computed exactly andis equal to 
2, it follows from (2.23) that 


gy = (1.416 + 0.003)-1074° erg cm? (2.24) 
or, in the system of units in which h =c = 1 
8v = (1.014 + 0.002)-10°° M=- 


where M is the proton mass. Using this value for the con- 
Stant g, we obtain from Equation (2.21) 


t = (2.29 + 0.01)-10°° sec 


This value for the lifetime which is predicted by the 
V—A theory may be compared with the most accurate 
measurements of the lifetime of the positive muon given in 
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Table 2 (Section 1.5). The weighted mean of the four recent 
most accurate values in this table yields t= (2.2000 + 
0.0015) x 10°*sec. 

The discrepancy between the predicted and measured val- 
ues of the lifetime of the positive muon does not exceed 2%. 
This is the most satisfactory evidence at present for the 
fact that the vector interaction constants in nuclear 8B decay 
and in p — e decay are equal. From the point of view of the 
theory of weak interactions, however, this good agreement 
between the vector interaction constants is asourceof worry 
rather than satisfaction. The point is that the decay of the 
muon differs from f decay in that the latter involves the 
participation of strongly interacting particles which are not 
present in the process u — e ~v -+ v. It will be shown later 
that this leads to a modification of the axial-vector inter- 
action constant in B decay. Nevertheless the problem arises 
as to why strong interactions do not affect the vector inter- 
action constant. 

An attempt to resolve this problem was madeby Feynman 
and Gell-Mann [21], who introduced the hypothesis of ‘con- 
served vector current’. This hypothesis was based on an 
idea of Gershteyn and Zel’dovich [25] who pointed out the 
analogy between electromagnetic interactions which con- 
serve electric charge and the vector interaction in 6 decay. 

The above agreement deteriorates somewhat after the 
introduction of radiative corrections into the value of ft for 
O* (these corrections change the vector interaction constant 
for B decay by approximately 0.8%) and into the theoretical 
value of the muon decay probability. These corrections were 
calculated by Berman [87] and Kinoshita and Sirlin [96]. 
The corrected value of the lifetime of the free muon is then 


t = (2.30 + 0.05)-10°® sec 


and the discrepancy with experiment increases to 4%. 

Owing to uncertainties in the calculated radiative correc- 
tions, this discrepancy can hardly be regarded as significant 
at the present time. ; 


2.4 ENERGY SPECTRUM OF ELECTRONS FROM p-e DECAY. 
MEASUREMENT OF THE MICHEL PARAMETER p 


It is important to remember that the only parameter de- 
pending on the interaction constants which can be deduced 
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from studies of the energy spectrum of decay electrons is 
the Michel parameter o. The family of curves shown in Fig. 
2.9 represents the spectrum of decay positrons for different 
values of 0. All these curves pass through the point x = 0.75 
and lead to a mean electron energy x in the range x = 
0.6-0.7. As can be seen from Fig. 2.9, the Michel parameter 
e characterizes the ‘hardness’ of the spectrum: the pro- 
portion of slow electrons in the spectrum increases with 
decreasing o. The magnitude of the Michel parameter e 
may be determined by comparing experimental and theoret- 
ical spectra. We have seen, however, that this parameter 


pal 


Miz) 


Fig. 2.9 Spectrum of positrons from p—e decays for 
different values of the Michel parameter p 


represents only one relationship between the ten unknown 
interaction constants describing u — e decay, andtherefore 
the magnitude of ọ provides very little information about 
the coupling constants. Thus, for example, in the general 
case, if the decay n>e-+v-+v involves all five parts of 
the interaction, the magnitude of ọ lies between 0 and 1, and 
if two identical neutrinos are emitted, ọ may lie between 0 
and 3/4. 

The situation is considerably simpler in the two-compon- 
ent theory of the neutrino, where, inthe case of the u > e + 
vy +v decay, these ten parameters reduce to the two para- 
meters gy and ga. In this theory the Michel parameter ọ 
should be equal to 3/4 if the neutrino and antineutrino exist, 
or 0 if these two particles are indistinguishable, i.e. if 
u —>e + 2v or >e -+ 2Qv. 

This difference in the form of the spectrum in the decays 
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p —> e + 2v (2.25) 


and a 
u- e+ y+ (2.26) 


has a simple explanation from the point of view of Pauli’s 
principle. At the end of the spectrum, where the electron 
energy is a maximum, both neutrinos are emitted in the 
opposite direction to the electron. In the case of (2.25), the 
emission of two longitudinally polarized neutrinos is for- 
bidden by the Pauli principle and the spectrum of (2.25) 
falls to 0 as x— 1. In the case of (2.26), on the other hand, 
this decay mode is possible since the neutrino and anti- 
neutrino are different particles. It follows that the shape of 
the spectrum provides crucial information for the two- 
component theory: if the neutrino is a two-component part- 
icle it is necessary that 9 = 0 (v = v) or 3/4 (v Æ v). 

The shape of the spectrum of decay positrons has been 
investigated by many workers. However, most of the early 
work suffered from poor energy resolution and lowstatistical 
accuracy. There was also a considerable systematic error 
in the magnitude of @ deduced from the shape of the spec- 
trum because the mass of the muon, and hence the upper 
limit of the spectrum, were not known accurately enough at 
the time. We shall consider only the most accurate recent 
measurements of electron spectra. The classical instrument 
for such measurements is the Wilson cloud chamber or the 
bubble chamber. We have already seen inChapter 1 that one 
of the first spectra of decay electrons was obtained by 
Leighton et al. By placing a chamber of this kind in a mag- 
netic field of afewkilogauss and selecting for measurements 
tracks of decay electrons having a total length of a few centi- 
metres, it is possible to achieve a precision of 3-5% in the 
measured momentum. Rosenson [26] has described an ex- 
periment of this kind. 

Plano [27] has investigated the spectrum of decay elec- 
trons uSing a 30-cm liquid-hydrogen bubble chamber in a 
magnetic field of 8800 gauss. The electron momenta were 
measured to within 1.5% and the spectrum obtained from 
9213 x — p — e decays is indicated by the histogramin Fig. 
2.10. The three solid curves represent the calculated spec- 
tra for o = 0.85, 0.75 and 0.65. The ‘best’ value of ọ de- 
duced from these data is 


o = 0.780 + 0.025 
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Fig. 2.10 Spectra of positrons from ut— et decays 
(Plano et al., upper figure) and of electrons from 
w — e~ decays (lower figure). The solid and broken 
curves represent calculated spectra for p = 0.65, 0.75 
and 0.85 


Similar measurements on the electron spectrum from w 
decays were performed by Block et al. [132] using a helium 
bubble chamber in a field of 14 000 gauss. The resulting 
spectrum is shown in Fig. 2.10, together with the positron 
spectrum obtained by Plano et al. As can be seen, the two 
spectra are identical in shape. The Michel parameter found 
from the electron Spectrum was 


o = 0.751 + 0.034 


The magnitudes of e for the electron and positron spectra 
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must be equal if the positive and negative muons form a 
particle-antiparticle pair. 

Very accurate measurements of the shape of the spectrum, 
the Michel parameter o and the end-point energy were car- 
ried out by Anderson et al. [28] with the Chicago synchro- 
cyclotron by investigating the decay of positive pions into 
electrons and neutrinos. Electrons from u — e or n — e de- 
cays were recorded by a double-focusing magnetic spectro- 
meter (Fig. 2.11). The 62.9-MeV positive-pion beam was 
absorbed in scintillator 3 after passing through counters 2 
and 1. This scintillator served as the source of the decay 
electrons. After passing through the spectrometer channels, 
these electrons were focused on counters 4a, 4b, 4c, which 
defined three adjacent energy ranges. The internal spectro- 
meter channels are illustrated in greater detail in Fig. 2.12 
which shows the electron counters 5, 4a, 4b, 4c and the coun- 
ter source 3 in which the positive pions came to rest. The 
transmission of the spectrometer was about 1.3% for each 
of the channels 4a, 4b, and 4c, and the total line width at 
half-height measured for a particles from a Pu™’ source 
was 3.4%. We shall not discuss here the electronic devices 
which were employed in conjunction with this apparatus, 
and shall consider only the energy spectrum of electrons 


Fig. 2.11 The spectrometer of Anderson et al. 
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Fig. 2.12 Arrangement of internal channels in the 
Anderson spectrometer 
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Fig. 2.13 Magnetic spectrometer of Bardon et al. [133] 
for determination of the positron spectrum from u~e de- 
cays. The broken curve shows positron trajectories for 
momenta of 35 and 52.5 MeV/c 
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Fig. 2.14 Positron spectrum measured with the Bardon spectro- 
meter. The solid curve corresponds to p = 0.75 (with corrections) 
from u — e decays obtained with this instrument. The spec- 
trum from channel 4c is shown in Fig. 2.36, in which the 
number of electrons per 10° coincidences between counters 
2 and 3is plotted as afunction of the electron energy in MeV. 

The values of the Michel parameter e@ and the maximum 
electron energy Emax obtained in the three channels 4a, 4b, 
4c are given below, 


Channel Q Emax, MeV 
a 0.76Ł0.01 53.0014 0.32 
b 0.77Ł0.01 52,990.32 
c 0.77£0.01 58.02£0.32 


The most accurate measurements of the shape ofthe spec- 
trum and of the Michel parameter ọ appear to have been 
performed by Bardon et al.[133], using a magnetic spectro- 
meter in conjunction with a spark chamber. This experiment 
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Table 2.1 Summary of data on the measured values of the Michel parameter p 


0.67 £0.05 


Reference Particle 


Diffusion chamber in 
magnetic field 


[27] | Hydrogen bubble chamber 0.780 £0.025 ut 
in magnetic field 

[132] | Helium bubble chamber 0.751 +0.034 iT 
in magnetic field 

[98 | Magnetic spectrometer 0.77 £0.01 u 

[30] ” 0.74 £0.02 ut 

[31] ” 0.68 +0.02 ut 

[133] Magnetic spectrometer 0.747 £0.005 u" 


and spark chamber 


is illustrated in Fig. 2.13. The spectrometer vacuum cham- 
ber was placed in a magnetic field (5.35or 6.62 kgauss) and 
four spark gaps were used to establish the particle trajec- 
tory. The coordinates of the spark in each of these gaps 
were determined with the aid of four microphones located 
at appropriate points. The microphone signals were fed 
directly into a computer, The spectrum obtained inthis way 
is shown in Fig. 2.14. Analysis of this spectrum yielded the 
following values for the Michel parameter and the limiting 
energy: @ = 0.747 ł 0.005; Emax = 52.81 + 0.02 MeV. 

The spectrum of electrons from u — e decays has also 
been determined from the multiple scattering of decay elec- 
trons in nuclear emulsions. These results [29, 32, 33] are 
in agreement with the results obtained with magnetic spectro- 
meters but their accuracy is considerably lower. The values 
of the Michel parameter deduced from the most accurate 
measurements are Summarized in Table 2.1.Itis clear from 
this data that the magnitude of ọ determined experimentally 
is very close to the value e = 3/4, whichis predicted by the 
two-component theory of the neutrino for the decay of the 
muon into an electron, a neutrino and an antineutrino, in 
accordance with the scheme p— e +v +v. 


2.5 MEASUREMENTS OF ASYMMETRY IN THE ELECTRON 
ANGULAR DISTRIBUTION 


We have seen (cf, Equation (2.15)) that the angular 
distribution of decay electrons averaged over all energies 
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is of the form 


dN, ~ (l+acos%) dQ (2.27) 


where the asymmetry coefficient a= €/3. Ẹ is the degree 
of longitudinal polarization of the muons at the instant of 
decay and @ is the angle between the spin of the muon and 
the electron momentum. According to the two-component 
theory, 


— _ &vBat abv 
levi +] ea} 


(2.28) 


whilst according to V — A theory, where gy = ga = g, the 
longitudinal polarization of the muon is umty, and 


f= —1 


It follows that the prediction of the V—A _ theory of the 
Fermi interaction, which demands that 


}El=3slalj=1 


can be verified by measuring the asymmetry coefficient. 

In the first experiment of Garwin et al., it was found that 
5} was close to unity for muons stopping in the graphite 
target. Subsequent experiments were performed with the 
aim of establishing whether |&) could in fact be assumed 
equal to unity. Since the positive muon is partially depolar- 
ized prior to decay, the measured asymmetry coefficient 
may be appreciably less than 1. In the case of depolariza- 
tion, Equation (2.27) must be replaced by 


dN ~ (1 + ax cos 3) dQ 


where x is a coefficient representing the depolarization of 
the muon. The nature of the depolarizing interaction will be 
discussed in detail in Chapter 6. For the moment we shall 
merely note that there are two main types of depolarization 
of positive muons. The first of these is the kinematic de- 
polarization. Suppose that the positive muons produced at 
the instant of decay are completely polarized in the pion’s 
system. The positive muons which come to rest in, for ex- 
ample, the graphite target in the experiment of Garwin et 
al., originate in n — u decays in flight, and consist of for- 
ward and backward emitted mesons in the pion’s system. 


62 Muons 


Since the Lorentz transformation does not affect the direc- 
tion of spin, it follows that the spin of muons originating in 
‘backward’ decays is opposite to that of muons originating 
in ‘forward’ decays. This is the reason for the kinematic 
depolarization. Calculations given in Chapter 6 show that 
kinematic depolarization produced under conditions existing 
in accelerators may reduce the polarization in the pion’s 
system by 10-20%. 

Kinematic depolarization does not occur in the decay of 
pions coming to rest in emulsions or chambers, and if there 
were no other reasons for changes in spin direction, the 
muon would at the end of its 600-micron range have the 
same polarization as at the beginning. In reality, there is 
one further depolarization mechanism. At the end of its 
range the positive muon is slow and capable of capturing an 
electron, forming a hydrogen-like atom known as muonium. 
It will be shown in Chapter 6 that the interaction between the 
magnetic moments of the positive muon and the orbital elec- 
tron in the muonium atom is the most effective mechanism 
for the depolarization of positive muons after slowing down 
in matter. 

Having made these preliminary remarks, we will now 
consider experiments in which the asymmetry coefficient 
of the angular distribution of electrons was measuredunder 
conditions for which the depolarization effects discussed 
above were reduced to a minimum. In the experiment of 
Bardon et al. [133], the limiting value ofthe asymmetry co- 
efficient was determined using positive muons emitted in 
flight at the maximum possible angle (threshold angle). The 
muons originated from a 60-MeV positive-pion beam. It is 
evident that the maximum angle ofemissiontothe pion beam 
corresponds to the emission of a muon at right angles to the 
beam direction in the rest system of the pion. For 60-MeV 
pions the threshold angle is 16.5°. It can readily be seen 
that positive muons emitted at this angle are transversely 
polarized. The experiment is illustrated schematically in 
Fig. 2.15. Counters 2 and 3 (the latter was placed in front 
of the target) identify positive muons emitted at angles within 
the range 16.5° + 0.75° tothe pion beam. The circle indicates 
the position of Helmholtz coils which were used to compen- 
sate the fringing magnetic field of the cyclotron. The rota- 
tion of the spin of the muon was achieved with the aid of a 
solenoid wound directly on to the bromoform targetin which 
the muons were brought to rest. Scintillation counters were 
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used to record decay electrons emittedinthe backward (365) 
and forward (456) directions between 1.5 and 4.5 usec after 
a positive muon had been stopped in the bromoform target. 
The pulse produced by a muon Stopping in the target (1235 
coincidence) was used to produce a magnetic field inthe 
solenoid for 1 u sec, and this rotated the spin of the muon 
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Fig. 2.15 The experiment of Bardon et al. (1—6 are scintilla- 
tion counters) 


through +t 90° so that the spin pointed towards one of the 
electron telescopes. 

Aiter introducing corrections for the small kinematic- 
depolarization produced by the finite aperture of the tele- 
scope recording the positive muons, and for the angular 
resolutions and efficiencies of the two electron telescopes, 
Bardon et al. obtained the following value for the asymmetry 
parameter: 


a> —0.325 + 0.015 


This agrees to within experimental error with the limiting 
value a = -1/3 predicted by the V — A theory. 

Let us consider now the results of experiments in which 
the depolarization due to the formation of muonium atoms 
was eliminated. This can be achieved by placing the target 
in which the x* — p’* decays occur inastrong magnetic field. 
In fact, the field, H produced by the positive muon at the 
electron orbit of the muonium atom is about 1900 gauss. By 
placing the target in a field H ẹ Hy one can decouple the 
magnetic moments of the nucleus (positive muon) and of the 
electron, and preserve the polarization of the muon (Paschen- 
Back effect). 

The electron asymmetry in u — e decays from positive 
pions stopping in ahydrogen bubble chamber placed in a field 
of 8800 gauss was investigated by Plano in the experiments 
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described earlier. The result was 


It is clear that the results obtained inall of these experi- 
ments are very close to the value a = -1/3. 


2.6 ENERGY DEPENDENCE OF ASYMMETRY IN THE 
ELECTRON ANGULAR DISTRIBUTION 


It is evident from (2.15) that, in addition to the Michel 
parameter o which determines theform ofthe isotropic part 
of the spectrum, the shape ofthe spectrumis also character- 
ized by the asymmetry parameter 6. The latter parameter 
determines the dependence of the asymmetry on energy: if 
the asymmetry is independent of the electron energy, then 
ô= 0. In the two-component neutrino theory 6 = 3/4, which 
corresponds to maximum asymmetry x = 1, at the end of 
the spectrum. 

Moreover, it is evident from (2.15) that the angular dis- 
tribution of decay electrons is 


1(8)dQ~ (1 + acost) dQ = Gi iroso dQ 


It follows from this expression that the asymmetry should 
be very dependent on energy: it should be zero at the mid- 
point of the spectrum [(1—2:«)/(3—2x) = 0 when x= 1/2] 
and maximum at the end of the spectrum [(1 —2x )/(3—2x) = 
-1 when x=l1]. At energies smaller than x=1/2the asym- 
metry should have a different sign and should increase with 
decreasing energy. At the beginning of the spectrum the 
modulus of the asymmetry coefficient is equal to one-third 
of its value at the end. The dependence of the asymmetry on 
energy, which is predicted by the two-component neutrino 
theory, is indicated by the solid curve in Fig. 2.21. 

We shall now consider experiments in which the energy 
dependence of the asymmetry and the magnitude of the asym- 
metry parameter 6 were measured. 

In the nuclear-emulsion method, the determination of ô 
requires a knowledge of both the energy of decay electrons 
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and their angular distribution relative to the direction of 
emission of positive muons at the time of pion decay. It is 
evident from Equation (2.15) that the difference inthe energy 
spectrum of forward and backward emitted particles is 
independent of ọ and is determined exclusively by ô. Fig. 
2.16 shows the results of such measurements obtained by 
Weissenberg et al. [29]. The difference in the number of 
particles emitted in the backward and forward directions for 


Fig. 2.16 Asymmetry spectrum for nt>ut—=et decays 
in nuclear emulsions. The difference between the 
number of particles emitted 1n the backward and for- 
ward directions 1s indicated by the histogram. The 
solid curves show the expected asymmetry spectra for 
different values of the asymmetry parameter 0 


a momentum interval corresponding to Ax = 0.05 is plotted 
as a function ofthe energy of the decay electrons, The curves 
indicate the expected difference spectra for 6 = 0.90, 0.60 
and 0.80. The ‘best’ value of 6 deduced from these data is 


§ = 0.63 + 0.12 


where the uncertainty includes both the statistical and sys- 
tematic experimental errors. The electron asymmetry in 
u—e decays in nuclear emulsions has also been measured 
by Babayan et al. [37], Castagnoli et al. [38] and Besson et 
al. [33]. These workers confirmed the rapid increase in the 
asymmetry with the electron energy predicted by the two- 
component neutrino theory. 
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Bubble-chamber measurements of the asymmetry in the 
angular distribution of electrons from n — u — e decays 
have been carried out by Barmin et al. [39], Alikhanyan et 
al. [40], Balandin et al. [41], Pless et al. [42] and Alston et 
al. [43]. All these measurements have shown thatthe obser- 
ved asymmetry and its dependence on the electron energy 
are in agreement with the predictions of the two-component 
neutrino theory, which requires a rapid increase with in- 
creasing energy of the decay electrons. 

The most accurate measurements of the energy depen- 
dence of the asymmetry appear to have been carried out by 
Plano with the liquid-hydrogen bubble chamber placed in a 
magnetic field. We have already discussed this experiment 
in connection with the determination of the Michel parameter 
Q; the electron spectrum obtained in this work is shown in 
Fig. 2.10. 

Fig. 2.17 shows the asymmetry spectrum obtained by 
Plano, i.e. the spectrum of the forward-backward difference. 
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Fig. 2.17 Asymmetry spectrum for n*—u—e decays 
in a hydrogen bubble chamber (Plano). The solid 
curve is theoretical and is corrected for instrumental 
resolution (€ = 1, 5 = p = 3/4) 


It is similar to the corresponding spectrum obtained with 
nuclear emulsions (Fig. 2.16). The higher precision in the 
measurement of electron energy and the small statistical 
errors revealed the presence of details in the spectrum 
which are predicted by the two-component theory, including 
the change in the sign of the asymmetry in the low-energy 
region x< 0.5. The magnitude of the asymmetry parameter 
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6 = 0.78 + 0.05 


We shall now consider counter measurements of the de- 
pendence of the asymmetry on energy. The first experiment 
of Garwin et al. [6] did not confirmthe rapid increase in the 
asymmetry coefficient with energy, which was predicted by 
the theory. They placed absorbers between the counters of 
the electron telescope 3, 4 (Fig. 2.4) with a thickness of 
8 g/cm? ( Ee >25 MeV) and 16 g/cm? (Ee >35 MeV), and 
found that there was practically noincrease inthe maximum- 
to-minimum ratio. In the first case, the ratio was equal to 
1.86 + 0.20, and in the second 1.92 + 0.19, instead ofthe ex- 
pected 2.5. This very small increase in the asymmetry co- 
efficient was due to the emission of y rays by electrons 
traversing the absorber. The y rays were recorded by the 
counters through secondary phenomena, mainly Compton 
scattering, and produced an apparent increase in the range 
of slow electrons, thus masking the increase in the asym- 
metry coefficient. In the second paper by the Columbia group 
[44], special precautions were taken to prevent the detection 
of electrons via their bremsstrahlung; the number of scin- 
tillation counters in the electron telescope was increased 
to three (cf. Fig. 2.1) and the graphite absorber was divided 
into two parts. In the apparatus of Mukhin et al. [45] the 
electron telescope consisted of five arrays of scintillation 
counters with four layers of polyethylene absorber between 
them. Their results are shown in Figs. 2.18 and 2.19 in 
which the measured asymmetry is plotted as a function of 
absorber thickness in g/cm? andthe corresponding minimum 
electron energies. 

The solid curves represent the variation of the asymmetry 
with energy predicted by the two-component neutrino theory, 
corrected for the energy and angular efficiency of the detec- 
tion system. The experimental data are clearly in agreement 
with the two-component theory. A similar conclusion was 
drawn by Cassels et al. [46] who determined the electron 
energy with a large sodium-iodide crystal (diameter locm, 
length 12.5 cm) which absorbed the electrons and almost all 
of their secondary emission. 

Kruger and Crowe [47] have used magnetic spectrometers 
to determine the dependence of the asymmetry coefficient 
on the electron energy. Their experiment is illustrated 
schematically in Fig. 2.20. A beam of positive muons, from 
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Fig. 2.20 The magnetic spectrometer of Kruger and Crowe 


which the pion impurity was removed by an absorber, was 
stopped in a target surrounded by a magnetic screen. In the 
absence of a current in the Helmholtz coils, the muons re- 
tained their polarization and electrons entering the magnetic 
spectrometer were the forward electrons, having an inten- 
sity / (0). When the Helmholtz coils were energized they pro- 
duced a field of 55 gauss which caused the muons to precess 
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at a constant frequency, and therefore the average intensity 
of decay positrons, / (H), in the presence of the field H was 
essentially equal to the unpolarized yield, i.e. the symmetric 
term in (2.19). Knowing / (0) and / (H), and the angular and 
energy resolution of the instrument, it was possible to cal- 
culate the asymmetry coefficient at a particular energy re- 
corded by the spectrometer. The energy dependence of the 
asymmetry coefficient a(x) which was obtained in this work 
is shown in Fig. 2.21. It is in good agreement with the two- 
component neutrino theory. 

It may thus be concluded that all the above measurements 
of kinematic parameters characterizing m— u—e decay are 
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in good quantitative agreement with the predictions of the 
weak-interaction theory of the two-component neutrino, with 
equal and opposite coupling constants for the vector and 
axial-vector part of the interaction. As experimental accu- 
racy increases, the degree of agreement appears to improve. 


2.7 HELICITY OF THE ELECTRON NEUTRINO 


Let us proceed now to the helicity of the particles par- 
ticipating in m — p — e decay. The experiments which we 
discussed in Chapter 1, suggest that there are two types 
of neutrino. If we assume the law of conservation of neu- 
trinos of both types, the decay of pions and muons must 
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be written in the form 


mm —> Ww + Vu, See se Ve Va 9 99 

um > u + Vy, U —> e@ + Ve + Vy (2.29) 
It follows that both types of neutrino are produced in the 
decay of the muon. 

We shall begin our review of experimental data with meas- 
urements of the helicity of the electron neutrino. The most 
direct determination of the helicity of the electron neutrino 
was carried out by Goldhaber et al. [48]. This is one of the 
basic experiments which enables one to distinguish between 
the possible variants of B decay. The helicity of the neutrino 
was determined by studying A capture in europium: 


Eul®? -H e — Sm? -+ ve (2.30) 


The isotope Eu’? has a metastable state with zero spin and 
negative parity (0 ). The capture of a K electron leads to 
the formation of the Sm*?* isotope in the excited state 1 ; 
the emission of a y ray from this state brings Sm **? to its 
ground state (cf. Fig. 2.22). The lifetime of the intermediate 
state is short enough (approximately 107 sec) to ensure 
that recoil nuclei in the solid Eu"? source do not lose their 
momenta before y-ray emission takes place. Resonance 
scattering of the emitted y rays is then possible because of 
the Doppier effect: it occurs when the movingnucleus emits 
a photon in the direction of its motion. It is evident that the 
momentum of the neutrino is then opposite to the direction 
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Fig. 2.22 Transition scheme for Eu‘*?+Sm'**, The sketch on the right 
shows the helicities in the case of the emission of a left-handed neutrino 
in the reaction Eu'**™ 4 e-+Sm'*?4+y and the subsequent emission ofa 
y ray 
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of emission of the y rays. Since orbital electrons captured 
by the nucleus are S electrons, the sub-states of the inter- 
mediate nucleus Sm!*** will be described by the following 
quantum numbers: 


—| 
m=+] 
0 


if the neutrino emitted in the z directionhas a spin parallel 
to its momentum (the antineutrino is emitted), and 


al 
m =— 
0 


if the neutrino is emitted. 

The helicity diagram corresponding to the second of these 
possibilities is shown in Fig. 2.22. In both cases the y rays 
(emitted in the +z direction) are circularly polarized. In the 
first case, their polarization is right-handed, whilst in the 
second case it is left-handed. The experiment was designed 
to investigate the passage of these y rays through magnetized 
iron. Since the Compton cross-section is different for left- 
handed and right-handed photons, the number of photons 
transmitted through the magnetized iron absorber will be 
different in the two cases. 

The experiment is illustrated schematically in Fig. 2.23. 
The Eu’? source was placed immediately in front of the 
magnetized iron blocks. The y-ray detector was shielded 
from the direct y-ray beam by alead absorber and was sur- 
rounded by a circular scatterer consisting of Sm:0;. yrays 
from the source passed through the magnetized iron, under- 
went resonance scattering in the circular Sm,O; scatterer 
and then entered the detector. The experiment consisted of 
measuring the difference in the y-ray counting rate of the 
detector for opposite directions of magnetic fieldinthe iron 
absorber. 

The results of this experiment show that the helicity of 
the y rays undergoing resonance scattering is negative. 
It follows that the neutral particle emitted in the K -cap- 
ture reaction (2.30) is polarized in the direction opposite 
to the direction of its momentum. The neutrino therefore 
has negative helicity. 

We recall that the two-component neutrino theory predicts 
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two possibilities for nuclear B decay: 
1. Both V and A interactions are present in B decay and 
the neutrino has negative helicity. 
2. The neutrino has positive helicity and only S, P and T 
interactions occur. 
It follows from the above experiment and from the elec- 
tron-neutrino angular correlation measurements that the 
first of these two possibilities occurs in B decay. 


2.8 THE HELICITY OF ELECTRONS FROM p-e DECAY 


We shall now consider the experimental determinations 
of the helicity of electrons from muondecays. These exper- 
iments are based on the principle that the bremsstrahlung 
emitted by longitudinally polarized electrons retains the 
helicity of the electrons, i.e. is circularly polarized, the 
direction of polarization being unambiguously related to the 
helicity of the electrons. The direction of the circular pol- 
arization of the bremsstrahlung can be determined from 
Compton scattering in magnetized iron just as inthe exper- 
iment of Goldhaber et al. discussed in Section 2.7. 

The degree of longitudinal polarization of electrons from 
u — e decays has been calculated by many workers. We 


Fy tem 


source 


Analysing 
magnet 


DM, 0; 


scatterer Fe+Ph screen 


Mu-metal Fig. 2.23 Determination of the helicity 
screen of the neutrino (Goldhaber et al.) 


Pion decay 13 


shall use the result obtained by Uberall [49] from the two- 
component neutrino theory: 


1 
p — {18 (3 — 2x) + (1 — 2x) cos 89]? + (1 — £2) sin?0}° (2.31) 
9 — 2x + Ẹ (1 — 2x) cos ĝ 
where § is the longitudinal polarization of the muon and ù 
the angle between the spin of the muon and the direction of 
emission of the electron. It follows from this formula that 
if § = 1, the electrons are 100% polarized andthe polariza- 
tion is independent of %. Fully polarized muons therefore 
give rise to fully polarized electrons. 

The helicity of electrons from u — e decays has been meas- 
ured by Culligan et al. [50] onthe Liverpool accelerator and 
by Macq et al. [51] at Berkeley. Fig. 2.24 illustrates the ex- 
periment of Culligan et al. The x —> u — e decay took place 
in the carbon target C. Electrons leaving the target were ab- 
sorbed in the lead plate and the polarization of the resulting 
bremsstrahlung was investigated with an analyser consist- 
ing of a block of iron magnetized by a special coil and an 
Nal(Tl) scintillation counter which measured the trans- 
mission of the iron absorber with the magnetization parallel 
and antiparallel to the direction of propagationofthe y rays. 
One of the main difficulties in this experiment was the shield- 
ing of the scintillation counters from the magnetic field. To 
achieve this, all the photomultipliers were carefully screen- 
ed with soft iron and mu-metal, and the fringing field of the 
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Fig. 2.24 Measurement of the helicity of electrons from p-e 
decay (Liverpool experiment) 
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magnet near the bremsstrahlung counters was compensated 
by the special coils indicated in Fig. 2.24. Special checks 
showed that the effect of the residual field on the operation 
of the photomultipliers could be neglected. 

The system was calibrated with bremsstrahlung from Y® 
6 particles which are known to be highly polarized. The 
carbon target was replaced by a 150-yC Y®™” capsule, and 
the pulse-height spectrum of the NaI (Tl) counter was meas- 
ured for the two directions of the magnetic field. The result 
is shown in Fig. 2.25 in which the difference in the counting 
rates for the two opposite directions of the magnetic field 
is plotted as a function of energy in MeV. The curve shows 
clearly the expected increase in analysing power with ener- 
gy. Experimental results for positive and negative muons 
are shown in Fig. 2.26in which the same quantities are plot- 
ted along the two axes as in Fig. 2.25. It is evident that there 
is an effect due to the magnetic field, and that it is opposite 
in sign for positive and negative muons. The integral effect 


N 


D 


g rates for opposite 


QD 


S 


Ss 


Fig. 2.25 Calibration of the 
helicity analyser using brem- 
7 Z sstrahlung photons due to B 

Pulse height, MeV rays from a Y*° source 


S 


directions of the magnetic field, % 


Difference in countin 


for y rays with energies in excess of 12 MeV is +4.7 +41.2% 
and -5.6 t 2.3% for positive and negative muons, respective- 
ly. For y rays with energies greater than 8 MeV the results 
were +6.1 70.7% and -4.9 + 1.5%, respectively, which is in 
agreement with the theoretically expected value for 100%- 
polarized electrons. The transmission of the magnet for y 
rays from positive muons was greater when its north pole 
faced the y-ray source. Since the Compton cross-section 
iS a minimum when the photon andelectronspins are paral- 
lel, this means that the photons, and therefore the original 
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electrons, had positive helicity. Consequently, electrons 
from w-decays have negative helicity. 

It is important to note that the above experiments provide 

direct evidence for the fact that bothspatial and charge par- 
ity is not conserved in these decays. Consider,for example, 
the sequence of events in the above experiments. It begins 
with a meson and ends with bremsstrahlung photons: 
nm —> u* +v — e + vyv +vyv— right-handed photons 
mu > W + ve v -+-v— left-handed photons. 
Transition from the first line to the second corresponds to 
charge conjugation since the charge of all the particles is 
changed. Charge conjugation therefore results in a change 
in the polarization of the emitted photons, whereas in the 
case of charge invariance the polarization should remain 
constant. 


2.9 HELICITY OF MUONS 
2.9.1 Helicity of muons from 6-ray showers in magnetized iron 
Alikhanov et al. [52] have measured the helicity of muons 


directly by observing ê-ray showers produced by fast cos- 
mic-ray muons in magnetized iron. Alikhanov and Lyubimov 
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pointed out that the cross-section for the production of 6 
rays by positive muons should include both an isotropic 
term o, and aterm og depending on the mutual orientation 
of the muon and electron polarizations, Py and Pe. This 
effect was examined by Berestetskii who obtained the follow- 
ing formula for the cross-section: 


o (E:P.Py) dE = (00 + Pe- P 0s) dE 


Inrém o [E 1/E\. 
Benga ix fg EN a (as ei ee 
Oo B? F? | Bi fa + 2 ta | (2.32) 
2 2 
BE Em 265 


where £E is the kinetic energy of a 6 ray. Em is the max- 
imum energy which may be transferred to the electron and 
is given by 


E, is the total energy of the muon. 

When the energy of such 6 rays is high enough, they can 
give rise to electron-photon showers in the material in which 
they are produced. When the energy ofthe 6 ray approaches 
Em, the ratio og/oo—1 and the effect ofthe non-conservation 
of parity in 6-ray production by muons interacting with pol- 
arized electrons is very high. However,inreality,this effect 
is ‘diluted’ by the presence of a large number of unpolarized 
electrons in the magnetized iron, by 6 rays with less than 
the maximum energy and, in the case of cosmic-ray muons, 
by considerable depolarization of the muons. 

The experiment of Alikhanov et al. is illustrated in Fig. 
2.27, where I, II, III are counter hodoscopes which could be 
used to reconstruct the muon trajectory and to determine 
its sign from the direction of its deflection in the magnetic 
induction (10+ gauss) inside the iron core of the permanent 
magnet A. The -ray showers were produced in the iron 
core B of the closed electromagnet with triangular cross- 
section in which the magnetic induction was 14 400 gauss. 
Counter row S recorded showers originating in the lateral 
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sides of the triangle. The direction of the magnetic field 
in the triangle was reversed after each recorded shower. 
Events were indicated by a coincidence between I,II, and III, 
and at least three counters in row S. The number of mesons 
passing through the apparatus was about 500 per minute, of 
which between one and two generated showers with more 
than two ô rays; the energies of muons producing these 
showers lay in the range 3-6.5 GeV. 

The final results, expressed in terms of the difference in 
the number of showers recorded with forward and reverse 
fields, were as follows: 


Si = —0.37 + 0.41 (positive muons) 
S_ = +0.82 + 0.42 (negative muons). 


It follows that the effect has asign corresponding to negative 
helicity of the positive muon. The average valueof S is 


S, = 0.58 + 0.29 


while the expected result assuming about 30% polarization 
of the cosmic-ray muons was approximately 0.3. 

A similar experiment was performed on the CERN proton 
synchrotron by Backenstoss etal. [54] using an 8-GeV neg- 
ative-muon beam (Fig. 2.28). Negative pions with momenta 
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Fig. 2.28 Experimental arrangement 


of 12.1 + 0.3 GeV/c leaving the internal target T were 
focused by the magnet A, on to a 2-cm-wide slot in an 80- 
cm-long lead collimator. The beam contained about 8 x 10° 
particles per pulse and was focused by the quadrupoles Q, 
and Q,. Muons with momenta of 11 GeV/c, which originated 
from forward pion decays in the 45-m decay path, were 
focused by the second pair of quadrupoles Q3, Q, through a 
760-cm graphite filter F which absorbed about 3 GeV of the 
meson energy. On leaving the filter the negative-muon beam 
had an energy of 8 GeV withaspread of about 15%. Counters 
Cı and C, (7 x 7 cm’) recorded a muon flux of 2000 particles 
per pulse. The pion impurity passing through C; and C; was 
about 3 x 10°°of the muon flux. The figure also shows the 
electron-shower detector D which was in the formof a total 
absorption counter consisting of twenty interleaved layers 
of iron and plastic scintillator sheets (1 x 30 x 40 cm‘). 
Each of the plastic scintillators was viewed by a photo- 
multiplier. The induction in the iron was 20 000 gauss. The 
shower detector D was calibrated against electrons with 
energies between 1 and 10 GeV, and was found to be linear 
with a resultion AE/E varying between 30 and 12% in this 
energy range. The results obtained are shown in Fig. 2.29 
in which the difference in the number of 6-ray showers 
produced for the two opposite directions of the magnetic 
field, i.e. the quantity 


(Na — Ny) (Na + Np) 


is plotted as a function ofthe shower energy. About 1.2 x 10’ 
muons with a longitudinal polarization of about 85% were 
recorded in 12.5 hours. 

The solid curve gives the expected effect for negative 
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Fig, 2.29 Measurement of the helicity of the nega- 
tive muon {Backenstoss et al.). The relative differ- 
ence in the number of showers for the two opposite 
directions of the field is plotted as a function of the 
shower energy 


muons with positive helicity. The helicity of the negative 
muon obtained in this experiment was 


H (u) = +1.17 = 0.32 
and is in agreement with the prediction 


H,- = +1 


2.9.2 Helicity of muons from the azimuthal asymmetry 
in Mott scattering 


Another important method of determining the helicity of 
the muon is the determination of the left-right asymmetry 
in Coulomb scattering of transversely polarized muons by 
nuclei. This asymmetry was predicted for electrons and 
positrons by Mott and is due to the interaction between the 
magnetic moment of the scattered particle and the magnetic 
moment due to its motion around the scattering nucleus, i.e. 
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the spin-orbit interaction. The Mott scattering cross-section 
may be written in the form 


a +80 wal (2.33) 


where ¢@ is the angle of scattering, pı and pə are unit vec- 
tors in the direction of the momentum ofthe particle before 
and after scattering, respectively, o is the direction of the 
spin of the scattered particle and S (0) is a parameter re- 
presenting the asymmetry in Mott scattering. Suppose that 
the target nucleus (Fig. 2.30) is atthe origin of coordinates, 
and let a transversely polarized muon with spin parallel to 


Fig. 2.30 Left-right asymmetry in Mott 
scattering. The scattering centre is at 
the origin and the particle approaches 
along the x axis with spin parallel to 
the y axis. The cross-section for scat- 
tering to the left (A=—7/2) is o(8) 
[7 + S(8)], while the cross-section for 
scattering to the right (6=7/2) is o(0) 
[1+ 5S(6)] 


the y axis be incident upon it along the x axis. Suppose 
further that the circle shown in the drawing represents the 
locus of the possible end points of pz for scattering at an 
angle ù. 

The azimuthal angle ọpọ will be measured from the y axis. 
It is evident from the formula shown above for the differen- 
tial cross-section that the number of scatters to the right 
(p = 1/2) is then given by 


N~[1 + S (8)] 
and the number of scatters to the left (gp = —1/2) is 
N~l1— S (8)] 


It follows that S (ð) determines the ratio of the difference 
in the number of particles scattered to the right and to the 
left to the total number of scattered particles: 


a Aaa vatemecee tae ames 4 (2.34) 
Mena) +(e] 
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Scattering angle 6° 


6200 
100 S(8) 0.3 
ò barn 
100 S(8) 340 
0.2 


Theoretical calculations of the asymmetry in the scattering 
of polarized muons by nuclei, similar tothose performed by 
Sherman for polarized electrons, have been carried out by 
Bincer [55], Moroz [56], Frolov [57], Rawitscher [08] and 
Franklin et al. [99]. 

As an example illustrating the magnitude of the expected 
effect, consider the calculated magnitude of S (J) for a target 
nucleus with Z = 80 [59] and negative muons with energies 
of 2.1 MeV (v/c ~ 0.2) and 9.6 MeV (v/c = 0.4). These cal- 
culations were performed for an extended nucleus in the 
form of a uniformly charged sphere of radius R = 1.2 As 
x10 cm. 

Measurements of the asymmetry in Mott scattering have 
been carried out for muons by Bardonet al. who used trans- 
versely polarized negative muons from negative-pion decays 
in flight at the threshold angle (as inthe experiments on the 
determination of the polarization of muons, cf. Section 2.4). 

The experiment is illustrated in Fig. 2.31. A beam of 
43-MeV pions was passed through a system of quadrupole 
lenses and focused on to a 7.5-cm thick lithium degrader. 
Pions lost a proportion of their energy in this degrader and 
entered the region of useful decays with an angular diver- 
gence of + 2° and an energy of 28 + 2.5 MeV. Muons selected 
by the decay angle had a mean transverse polarization of 
90% in the plane of decay (P, = 0.9) and a uniform energy 
distribution in the range 9-33 MeV, which was chosen as a 
compromise between the maximum back-scattered intensity 
and the magnitude of asymmetry. 

The muons were scattered by lead sheets, 3having an areal 
density of 2g/cm?, which were placed on plastic scintillators 
(Fig. 2.31). The counters 4 were placed to the left and right 
of each lead plate and detected muons scattered in the lead 
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Fig. 2.31 Determination of the helicity of muons from Mott 
scattering (Bardon et al.) 


plate through angles between 105° and 165°. The entire de- 
vice was repeated cyclically ten times, forming a ring 
with the pion beam passing through its centre. The entry of 
a muon into a scatterer was indicated by 123 coincidences 
(counter 2 was in the form of a ring) and scattering events 
were detected by 1234 coincidences, followed within 3 u sec 
by a second count in 4 produced by the decay electron from 
the scattered muon. This procedure enabled the background 
of muonic X rays from muons stopping in the lead to be 
considerably reduced. 

The experiment was carried out for about 100 hours and 
approximately 3 x 108 muons transits through the scatterers 
were recorded. The total number of left and right scatters 
was 515 and 618, respectively, yielding 


L—R 


—___— = — 0.090 + 0.031 
L+R 
The expected asymmetry for p, = +1 was 
S 
L+R 


and the experiment demonstrates clearly that the negative 
muon produced in the decay 


w u Vy 


has positive helicity (right-handed polarization). 

The experimental data on the helicity of particles involved 
in nuclear B decay and n — u —e decay which have been con- 
sidered above are summarized in Table 2.3. This table gives 
the measured helicities of the following particles: electron 
neutrinos, electrons and positrons produced in u decay, and 
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Measurement 


Conclusion from conser- 
vation of leptons 


Particle 


Helicity 


negative muons. The helicity of the remaining particles, in- 
cluding the muon neutrino, can be determined by assuming 
conservation of leptons. For example, consider 
wo > Wo Vy 

Since the spin of the negative pion is zero, and the negative 
muon and the muon antineutrino are emitted in opposite 
directions, the helicity of the muon antineutrino should be 
the same as the helicity of the negative muon, i.e. positive. 
Consequently, muon neutrinos should have negative helicity. 
It follows that the meson and electron neutrinos (antineu- 
trinos) have the same helicity. We have seen that such neu- 
trinos with negative helicity are necessary for the validity 
of the V and A interactionsinnuclear 6.decay and in meson 
decays. We may therefore conclude that the above measure- 
ments of the helicities of leptons confirm the universal 
nature of weak interactions. 


2.10 COMPARISON OF EXPERIMENTAL DATA ON 
WEAK-INTERACTION CONSTANTS IN B AND p-e DECAY 


It was shown that all experimental data onthe decay of the 
muon are in agreement with the predictions of the V—A 
theory of u — e decay with real, equal and opposite coupling 
constants: 

Bem eae 


The hypothesis of the universal Fermi interaction requires 
that all B-decay phenomena should be explicable by this 
interaction. In this section we shall consider to what extent 
experimental data on f decay doinfact satisfy this require- 
ment. 

Studies of the angular correlation between electrons and 
neutrinos in allowed B decays have been animportant source 
of information about the possible interactions governing 
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nuclear 6 decay. B-decay theory predicts that this correlation 
should be of the form 


i + af-cos ð (2.35) 


where 6 is the velocity of the electron, t the angle between 
the direction of emission of the electron and the neutrino 
respectively, and a a correlation coefficient which depends 
on the ratio r between the Fermi and Gamow-Teller con- 
stants gF and 2G=T: 


grMr (2.36) 
grMr t gg-rMe-r 


where Mf and Mé_r are the squares of the corresponding 
matrix elements. For a pure Fermi interaction (0— 0 
transition without parity change), the correlation coefficient 
is determined exclusively by the vector and scalar inter- 
action constants: 


ap = Sv e —es—es (2.37) 
ov ter + gs + gs 


and when gs = gs = 0 we have ap = 1. 

For a pure Gamow-Teller transition the correlation 
coefficient depends only on the axial-vector and tensor con- 
stants: 


l gT +H gT —ga—gZa 
(0 ee a (2.38) 
3 Jer tler +i ga tlga 
If the decay is governed exclusively by the axial-vector 
constant (gr = gr = G) then ac-r = -1/3. In intermediate 
cases the correlation coefficient is given by 


a = arf + ag_r (r — 1) 


Results of recent experiments are shown in Fig. 2.32 
where the electron-neutrino correlation coefficient a is 
plotted as a function of r. The straight line in this figure 
represents the expected correlation coefficient when only 
V and A interaction constants are involved. The rectangles 
represent experimental data; their width gives the errors 
in r and their height errors inthe correlation coefficient a. 
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is a pure Gamow-Teller transition. The expected correlation 
coefficient for this case is a = -1/3, while the experimental 
result obtained by Herrmannsfeldt et al. [61] is a =-0.39 
t 0.2. 

In the case of 


Ar®® — CI 4 et + y 


we have a pure Fermi transition for which the expected 
correlation coefficient is a= 1. The experimental values 
obtained by Allen et al. [62] and Herrmannsfeldt et al. [63] 
respectively are 


a= +0.85 + 0.12 
a= +0.93+ 0.14 


These data imply therefore that only axial-vector and 
vector interactions participate in nuclear 6 decay. This 
conclusion is also confirmed by the other results shown in 
the graph, i.e. the decay of Li® (Lauterjung et al. [64]), Ne” 
(Alford and Hamilton [65], Maxson et al. [66], Good and 
Lauer [67]), Ne” (Ridley [68]) and by the data of Burgov and 
Terekhov [69] who investigated the angular correlation 
of cascade y rays in the decay of Na, In this case, the 
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Fig. 2.32 Electron-neutrino correlation in B decay 
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contribution of the Fermi interaction was small andthe cor- 
relation coefficient was expected to be -1/3. By placing a 
resonance absorber in the path of the y rays, these workers 
observed Doppler broadening of the angular distribution of 
the y rays due to the motion of recoil nuclei. The result 
obtained by Burgov and Terekhov was a =-0.15 ł 0.22. 

Let us consider now the experimental data on the angular 
distribution of electrons from the decay of polarized neut- 
rons. This experiment was carried out by Burgy et al.[70] 
who used a polarized neutron beam produced by reflecting 
neutrons from a magnetized cobalt mirror [71]. 

The theory of 6 decay yields the following expression for 
the angular distribution of electrons from the decay of pol- 
arized neutrons: 


dN ~ (1+ ABp cos 6) dQ (2.39) 


where p is the polarization of the neutron beam, ß = v/c is 
the velocity of the decay electrons and A is given by 


aa _2(R°+R) 
3R° + | 
where 
R= 84 
gv 
For ga =— gv the asymmetry coefficient should be zero, 
and hence A = 0. The experiment of Burgy et al. yielded 
A = -0.11 0.02. If we assume the V — A interaction, and 


that the neutrino has negative helicity, we have 


Lv 


The square of the ratio of these constants can also be 
obtained from data on the energy spectrum and lifetime of 
neutrons and certain nuclei undergoing 0* —> 0* transitions. 
The most accurate determination of the lifetime of the neut- 
ron is due to Sosnovskii et al. [72] who found that 


= {1.7 + 0.3 min 


The quantity R? deduced from these measurements is 1.42 
t 0.08. The mean value of R?is therefore 1.49 + 0.06, which 
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corresponds to 


R= 84 = —1.22+ 0.03 (2.40) 
By 
It follows from these experiments that the ratio i is not 


V 
equal to -1 as predicted by the V — A theory. This increase 


of approximately 20% in g4 in nuclear ĵ decay is explained 
in the theory by the renormalization of the axial-vector 
constant which is due to the fact that strongly interacting 
particles participate in nuclear ĵ decay. This renormaliza- 
tion of g, does not occur in u — e decay 


uU>etvt+y 


which involves only weakly interacting particles. We have 
already seen in our discussion of the muon lifetime data that 
the vector interaction constant gy is unaffected by strong 
interactions. In view of the above results, the Hamiltonian 
for B decay (See Equation (2.20)) should be written in the form 


H = g(r Yol l —Rys) bp) (bv Yo( + ¥5)'be) (2.41) 


with R & -1.22. 


2.11 DECAY OF THE PION INTO AN ELECTRON 
AND A NEUTRINO 


It follows from the existence ofthe universal Fermi inter- 
action that in addition to the usual decay of the pion into a 
muon and a neutrino, one should also be able to observe the 
decay of the pion into an electron and a neutrino: 


mT — l y 


Theoretical estimates of the relative probability of this 
decay mode have been based on the assumption that the pion 
may be regarded as an intermediate state of a virtual pair 
of particles consisting of anucleon and an antinucleon. Thus, 
for example, the positive pion has been regarded as a state 
of the proton-antineutron pair (pn), the negative pion as a 
state of the neutron-antiproton pair (np), and soon. The de- 
cay of the pion is then described as the annihilation of this 
pair into a muon and a neutrino, which occurs via the weak 
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interaction 
| t>N+N>pe+t+v 


The universal nature of the weak interaction also means that 
the pion can decay into an electron and neutrino: 


t>N+N>et+v 


Fig. 2.33 shows the Feynman diagram for such processes. 
No information is available at present about the absolute 
probability of these processes. It is possible, however, to 
predict the probability ratio for muon and 6-decay modes 
of the pion. In particular, since the pion is a pseudoscalar 
particle, this transition is only possible in weak-interaction 
theory with pseudoscalar or axial-vector coupling. Calcula- 
tions of this kind were carried out as long ago as 1949 by 
Ruderman and Finkelstein [73] and Steinberger [74] who 
showed that for pseudoscalar coupling, the decay probability 
ratio for the ->e+v and z — u + v decay modes is 


_ w(aretv) Ma—Me _ 


x — [= 5.4 2.42 
w(n— u +y) Mr — Mi (eraa) 


i.e. the case of pseudoscalar coupling may be rejected. For 
the axial-vector interaction 


wit>e+v) M2—M?2 M? x 
R = ay FE 1 36-10% 
w(it>ptv) Ma—M, Mi oon 


This result became particularly important after the discov- 
ery of the non-conservation of parity which led toa V— A 
theory restricting all possible interactions in B decay to the 
vector and axial-vector variants. Practically all experimen- 
tal data on B decay were eventually found to be in agreement 


N fore 


Fig. 2.33 Feynman diagram for the process 
m>u+v or e+v when the pion is regarded 
as an intermediate state of a nucleon- 
antinucleon pair 


Pion decay 89 


with this theory, and only the absence of n — e+ v decay 
could become critical for the theory. 

The search for the electron decay of the pion was a dif- 
ficult experimental problem. The early work by Friedman 
and Rainwater [75], Lokanathan and Steinberger [76] and 
Anderson and Lattes [77] did not lead to the discovery of 
this decay mode, since the sensitivity and reliability of the 
experimental methods were either inadequate or only just 
within the necessary range. It was not until 1958 that the 
existence of this decay mode was demonstrated with adequate 
reliability. 

Experimentally, the problem was to isolate a monochro- 
matic § line with energy of about 70 MeV originating in n —> e 
decays against a background of a much larger number of 
betas from w—e decays having a continuous energy spec- 
trum with a cut off at about 53 MeV. In the experiment of 
Lokanathan and Steinberger [76], the separation of mono- 
chromatic electrons from n — e decays from electrons be- 
longing to the continuous u —e spectrum was carried out by 
the absorption method with appropriate filters in the electron 
telescope. An additional criterion was the time distribution 
of the electron pulses: since the n —> e decay occurs with the 
lifetime of the pion, events due to n — e decays should be 
recorded mainly in ‘fast’ coincidences, while the slowcoin- 
cidences should be mainly due to u — e electrons. 

No m-e decays were recorded in this experiment, and 
after an analysis of the sensitivity of the apparatus, Lokan- 
athan and Steinberger concluded that the probability of the 
m—>e decay was not more than 1 in 17 000. In view of the 
fact that many of the estimates in their experiments were 
very approximate, in particular, the estimated efficiency of 
the electron telescope may have been too high, it may be 
concluded that their result is not in sharp conflict with the 
theory which requires the ratio to be 1:9000. 

Fazzini et al. [78] and Ashkin, Fazzini et al. [79] used the 
same basic principle as Lokanathan and Steinberger. How- 
ever, they improved the method with the result that the ap- 
paratus became more sensitive to n —> e decays. The main 
improvement was a considerable increase in the efficiency 
of the electron telescope, and the improvement in the time 
resolution of pulses from n —> p —>e and n —> e decays. The 
experiment is illustrated in Fig. 2.34. The electron tele- 
scope consisted of eight scintillation counters (5.12) sep- 
arated by seven graphite absorbers. Coincidences 1234 
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(counter 3 served as the target in which the pion came to 
rest) signalled pions stopping in counter 3. Coincidences 
5-12 indicated decay electrons. A fast coincidence circuit 
recorded all coincidences between counters 1, 2, 3, 4 and 
counters 5-12 in the time interval between 60 and 160 nsec 
after the arrival of a pion (1234). In the presence of such 
coincidences, pulses from counters 3 and 12 were fed into 
a ‘fast’ oscilloscope and the wave-form was photographed. 
The pulse from the large Nal counter at the end of the 
electron telescope was also displayed on this oscilloscope. 

A typical oscilloscope trace for the usual z —> u — e decay 
is shown in Fig. 2.34 (top left). The x and p pulses orig- 
inated in counter 3 as a result of the arrival of a pion and 
its decay into a muon. Pulse e (3) from counter 3 is pro- 
duced by a decay electron. The same electron produced 
coincidences 5-12 and the pulse from counter 12, which can 
also be seen on the trace. 

The second trace from which the muon pulse is absent 
may have been due to the n — e mode, but it may also have 
been due to the usual n> u — e decay in which the muon 
pulse was not resolved by the scintillation counter, or a 
random coincidence between pulses (1234) and (5-12). To 
separate true n —e decays from the background ofunresol- 
ved n> u — e decays and random coincidences, Fazzini et 
al. investigated the number of n — u —> e and n —> e decays 
as a function of the thickness ofthe absorber in the electron 
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Fig. 2.34 The search for n-e decay mode (Fazzini 
et al.) 
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telescope, and the distribution of these decays intime. Total 
absorption of electrons from y — e decays requires 30 g/cm? 
of carbon. Forty n — e decays were observed at thicknesses 
of about 30, 31, 32 and 34 g/cm? in which pulses from the 
pion and electron were separated by more than 8.3 nsec. The 
time distribution of these forty decays was in agreement 
with the lifetime of the positive pion (T= (22 + 4) nsec). 
These data therefore provide a very definite indication of 
the existence of the n —> e decay mode. 

Ashkin, Fazzini et al. estimated the probability of the 
m—e€-+v decay mode, using the efficiency of the electron 
telescope calculated by the Monte Carlo method. The result 
was 


— Ute FY) _ (1 99-4.0,30)-107! 
w (st—> Lu + v) 


The electron decay of the pion has also been detected in 
bubble-chamber photographs by Impedugliaet al. at Columbia 
University [80]. A liquid-hydrogen bubble chamber of diam- 
eter 30 cm and depth 15 cm was placed in a field of 8800 
gauss and was exposed to a beam of slow positive pions. On 
the average, the chamber recorded about ten stopping pions 
per picture. In most cases the observed decay electrons 
were due to the decay of muons originating from pion decays, 
and the complete n —> p — e sequence was clearly seen on 
the photographs. In approximately one case out of forty, the 
intermediate slow muon was not observed. Such electrons 
originated either from the decay of stopping muons produced 
in the decay of pions in flight, or (this is less likely) as a 
result of n — e + v decays. To isolate the exceedingly rare 
cases of n—e-+ v from u — e decays, the momentum of the 
decay electrons was determined from their deflection inthe 
magnetic field (the maximum momentum of electrons from 
u—> e decays is 53 MeV/c, while 1 e decays yield mono- 
chromatic electrons with momentum of about 70 MeV/c). 

Out of a total number of 65 000 n> u — e decays, there 
were 1766 events in which the slow intermediate muon could 
not be seen. Moreover, the positron spectrum for 2983 x —> 
u—>e decays was carefully determined ànd it was seen that 
in none of these cases did the energy of the electrons exceed 
62 MeV, while in the spectrum of the u — e decays shown in 
Fig. 2.35 there are six values of energy near 70 MeV. They 
therefore had to be ascribed to me decays. The mean 
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Fig. 2.35 The spectrum of positrons from >e decays 
obtained with a hydrogen bubble chamber. Histogram — 
experimental data, solid curve—expected spectrum 
for p=0.75. The spectrum of 4—e decays cuts off at 
about 55 MeV. The six particles from 7 — e decays have 
energies of about 70 MeV 


energy for these six cases was 72.941.5 MeV, which is 
higher than the expected value of 69.8 MeV. The discrepancy 
may be due to systematic calibration errors. 

Let us consider now the experiments of Anderson and 
Lattes [77] and Anderson et al. [81], the latter being a con- 
tinuation of the former. In these experiments, the group of 
monochromatic 70-MeV electrons from n-—e decays was 
separated from electrons due to u — e decays by means of 
the magnetic spectrometer described in Section 2.4, In the 
first experiment [77], the electron decay mode was not de- 
tected, and it was deduced from the estimated sensitivity of 
the apparatus that the relative probability of n — e decays 
could not be greater than 2 x 10°. After the electron decay 
was detected in the experiments described above, Anderson 
et al. [81] repeated the experiment with improved electronic 
equipment. The magnetic spectrometer whichthey employed 
has already been discussed (cf. Figs. 2.15 and 2.16). Instead 
of the single detector of decay electrons used in [77], the 
new instrument incorporated the three scintillators 4a, b,c 
at the exit of the spectrometer which recorded electrons in 
three adjacent energy intervals. We shall not discuss here 
the relatively complicated electronic equipment employed 
in this experiment, and will merely note that the n — e 
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decays were indicated on the screen of an oscilloscope by a 
large positive pulse produced by a pion stoppingin counter 3, 
a smaller positive pulse produced by the electron leaving 
counter 3 and a negative pulse produced by the electron 
entering counter ə. The time interval between the first two 
positive pulses was equal to the lifetime of the pion in the 
target counter 3. As a control experiment, the mean lifetime 
of the positive pion was estimatedfrom the distance between 
pulses from counters 2 and 3. The result was 


Tz = (25.6 + 0.8). 10° sec 


Electron energy spectra from a — u — e decays obtained 
with this spectrometer have been discussed earlier in con- 
nection with the Michel parameter a. 

Fig. 2.36 shows spectra of electrons from a — u — e and 
nm — e decays obtained with this instrument. The number of 
u — e and n — e coincidences per 10’ coincidences between 
counters 2 and 3 is plotted as a function of electron energy 
in MeV. It should be noted that the scale for the n— u — e 
decay is greater by a factor of 200. 

The relative probability of 1 — e decay 


— w(n—>e+ y) 
w(n—>u +y) 


was found to be R = (1.21 + 0.07) x10*. Theory, including 
radiative corrections to n — e decay, yields 1.23 x10%. 
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Fig. 2.36 The spectrum of electrons from n-e and -e 
decays (Anderson et al.) 
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It may therefore be concluded that the existence of the 
nm —> e +v decay mode and the agreement of the measured 
decay probability with the theory of the universal Fermi 
interaction with vector and axial-vector variants have now 
been demonstrated. 


2.12 8 DECAY OF THE PION 


In this section we shall consider experimental data on 
the decay of charged pions into electrons,neutral pions and 
neutrinos in accordance with the scheme 


nt > et + mey (2.44) 


By analogy with the £ decay of nucleons, this decay mode 
may be referred to as the 8 decay of the charged pion. 
Zel’dovich [82] has estimated the probability ofthis process 
by analogy with the Fermi p transition /=0—- /=0. He 
showed that the probability of the p decay of charged pions 
should be of the order of 10-8 of the probability of the nor- 
mal x — +v decay mode. The decay mode indicated by 
(2.44) is of interest in connection with the success of the 
universal Fermi interaction theory which predicts that the 
vector constant in weak interactions is unaffected by the 
presence of strong interactions. We have already indicated 
that this prediction is a consequence of the hypothesis in- 
volving the conservation of the vector current. 

If this hypothesis is valid, then the probability of process 
(2.44) will be 


DA 


pA? 
30213 


w (n >n -He 4-v) & (2.45) 
where g is the vector weak-interaction constant given by 
(cf. Equation (2.24)) g ~1.00 x 10°° M™?, M the proton mass 
and A the mass difference of charged and neutral pions, 
which is equal to 8.8 t 0.6 electron masses (Table 1, Chap- 
ter 1). Using Equation (2.45) and the known mean lifetime of 
charged pions (t =2.56 x 10° sec), it can easily be verified 
that the relative probability of the p decay of charged pions 
should be 


7 w (nn -+ e-+v) 


~1-10° (2.46) 
w(n— u +y) 
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Several theoretical calculations have been performed to 
obtain a more accurate result for (2.46). The most rigorous 
derivation of the possible corrections to (2.45) was carried 
out by Terent’ev, who found that R= (1.03 + 0.03) x10°8. 
The error indicated in this result includes theoretical 
uncertainties and uncertainties connected with errors in 
the values of the constants. 

We thus see that a determination of the probability of the 
P decay of charged pions should, at least in principle, lead 
to the verification of the conservation of vector current. 

Fig. 2.37 illustrates an experiment in which the probability 
of B decay of charged pions was measured by Dunaitsev et 
al. [83, 135] using the synchrocyclotron atthe Joint Institute 
for Nuclear Research in the USSR. Coincidences due to the 
two y rays produced in the decay of the neutral pion in 
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Fig. 2.37 Detection of B decay meron 
of pions (nt> nr°+et+v) 


(2.44) were recorded. The positive pions were stopped in 
the scintillator of counter 4 and y rays from neutral-pion 
decays were recorded by total absorption Cerenkov counters. 
The most important source of background in this difficult 
experiment was charge exchange of positive pions in the 
scintillator. This gave rise to neutral pions whose decay 
simulated the required effect. 

Similar studies have been carried out by Depommier et al. 
[84], Bacstrow [85] and Bartlett et al. [137] who recorded 
both the y rays from decaying neutral pions, and decay 
positrons with energies of about 4 MeV. In addition, the 
annihilation radiation due to positronium produced after the 
deceleration of the positron in the scintillator was recorded. 
Decay probability data obtained in these experiments are 


ummarized in Table 2.4. D 
> It follows from this table that the probability of the p 
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Table 2.4 Measured decay probability for the m> m +et+v 
decay mode 


Relative decay 
probability Æ 


Number of 
nrsomtetty 


Reference 


(1.1 £0.2) x 107° 
(1.0 0.2) x 107° 
(2.0 £0.6) x 107° 
(0.97 0.2) x 107° 


decay of the pion does in fact approach the theoretical re- 
sult. This means that the ‘weak vector charge’ of pions is 
the same as the ‘weak vector charges’ of nucleons and lep- 
tons to within 20%. 


2.13 RADIATIVE CORRECTIONS TO z -p-e DECAY 


2.13.1 Radiative corrections to the energy spectrum and 


asymmetry in u-e decay 


The predictions of the four-fermion interaction theory, 
discussed earlier in connection withthe parameters charac- 
terizing n — u —e decays, were obtained without taking into 
account the interaction between the four fermions participat- 
ing in the decay u — e + v + v and theelectromagnetic field. 
Radiative corrections to u — e decay have been calculated 
by Behrends [86], Berman [87], Kinoshita and Sirlin [88], 
Kuznetsov [89], Gatto and Luders [91], Tzoar and Klein [92], 
Pratt [93], Fronsdal and Uberall [94] and others. These cor- 
rections are proportional in first-order perturbation theory 
to the product of the square of the weak-interaction constant 
and the square of the charge of the electron, i.e. proportional 
to Ga where a= e/he is the fine-structure constant, 

To find the correct energy spectrum and decay probability, 
the interaction Hamiltonian H'of the two-component neutrino 
theory must be replaced by 


H = H’ +H" 


where 


FE ePuVotpAy T CWeYo'eA p 
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represents the interaction with the electromagnetic field A,. 
Restriction to first-order perturbation theory corresponds 
to Feynman diagrams 2-6 in Fig. 2.38. 

Diagrams 2-4 represent virtual processes in which the 
emitted photons are absorbed by one of the four particles, 
while the last two diagrams represent the emission of real 
photons in the form of internal bremsstrahlung from the 
u — e decay: 


u—>e +y yty (2.47) 


This phenomenon is called the radiative decay of the muon. 
Radiative corrections soften the spectrum by removinghigh- 
energy electrons and transferring them to the low-energy 
part of the spectrum. Since the intensity of the decay elec- 
trons falls off very rapidly at low energies, small radiative 
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Fig. 2.38 Feynman diagrams for radiative corrections to p—e 
decay 


corrections will alter the shape of the low-energy end of the 
spectrum considerably. The magnitude ofthis effectis illus- 
trated in Fig. 2.39, which shows the electron spectrum pre- 
dicted by the two-component theory (oe = 3/4) and the 
corrected spectrum. The corrections reduce the Michel 
parameter o by approximately 6%. In the experimental 
determinations of ọ discussed above, the spectrum was 
compared with the theoretical spectrum corrected for 
radiative effects, and therefore Table 2.1 gives the ‘true’ 
value of o. 

Another consequence of the radiative corrections is a 
modification of the asymmetry in the electron spectrum at 
low energies. This effect has been discussed by Kinoshita 
and Sirlin [96] and Kuznetsov [89], who have shown that the 
change in the asymmetry coefficient is quite substantial for 
electron energies below 5-10 MeV (10-20%). It has no effect 
on the accuracy of the measured asymmetry parameter ọ, 
however, because the number of such electrons is small. 
The effect of radiative corrections on the magnitude of the 
asymmetry coefficient averaged over the entire spectrum 
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Fig. 2.39 The spectrum of elec- 
trons from 4—e decays with and 
without radiative corrections 

(broken and solid curves respec- 
0 l5 10 x tively) 


is therefore also very small. The corrections reduce the 
absolute magnitude of this coefficient by less than1%, mak- 
ing it equal to -0.330 instead of -1/3 as predicted by the 
V — A theory. Radiative corrections will also affect the total 
decay probability for muons, increasing it by approximately 
0.5% (cf. Section 2.3). 


2.13.2 Internal bremsstrahlung in u-e decay 


u — e decay results in the appearance of a fast charged 
particle. We have already indicated that the appearance of 
the charge is accompanied by the emission of photons which 
are usually referred to as internal bremsstrahlung, while 
the decay itself (cf. Equation (2.47)) is called radiative decay. 
The probability of radiative decay, in accordance with the 
scheme given by (2.47), and the energy spectrum of the re- 
sulting photons have been calculated by many workers be- 
ginning with Lenard [98]. He obtained the spectrum and the 
angular distribution of photons from u — e decays, which he 
described by the sum of scalar, vector and tensor inter- 
actions. It should be noted that iftheform of the Hamiltonian 
for the »—e decay is known then the radiative decay is 
unambiguously determined. However, the form of the photon 
spectrum is determined mainly by the electromagnetic nature 
of the process and is not very sensitive to the precise form 
of the weak interaction. 

In the first approximation the photon spectrum produced 
in the radiative decay is proportional to 


E, ‘dE, 
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i.e. it has the form ofthe bremsstrahlung spectrum, diverg- 
ing in the infrared. 

The photon spectrum integrated over the electron spectrum 
and angles of emission has been calculated by Kinoshita and 
sirlin [96] for the two-component neutrino, neglecting the 
electron mass in comparison with its energy. The result is 


RW)dy= = (1— y)dy || 2in ™ — Indo | 
OT om 6 


e 


(2.48) 
3 l 
x [2-209 |50 e 13s) dy 


where Rdy is the ratio of the radiative decay probability of 
the muon to the total probability of its decay in accordance 
with the scheme yp >e +v+ yxy; y= tix is the ratio of the 
u 

photon energy to the maximum energy of the decay electrons. 
A similar expression for this spectrum has been reported 
by Eckstein and Pratt [95]. The energy spectrum of the in- 
ternal bremsstrahlung is shown in Fig. 2,40, where R (y)is 
plotted as a function of the photon energy y. It can readily 
be shown by integrating this spectrum that about 4.9% of all 
u —e decays are accompanied by the emission of photons 
with energies greater than 2m,, which corresponds to the 
threshold for the formation of electron-positron pairs. Even 
when the photon energy is greater than 20 m ~ 10 MeV,the 
number of such decays is still 1.2%. Wethus see that internal 
bremsstrahlung is a very appreciable effect. It may be noted 
that the magnitude of this effect is independent of the relative 
magnitude of the V and A interaction constants. 

Direct observation of radiative decays in particle-track 
detecting devices is not possible because photons do not 
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Fig. 2.40 Internal bremsstrahlung 

spectrum (Eckstein and Pratt). 
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produce tracks. However, internal conversion of photons into 
electron-positron pairs at the time of decay can be noted 
from the appearance of the characteristic three-particle de- 
cay, in which three electrons are found to originate at the 
point at which the muon comes to rest: 


u>retvtv4t(e te) 


Eckstein and Pratt have shown that the probability of this 
phenomenon is lower by approximately three orders of mag- 
nitude than the process 


poetvt+v+y 


Fig. 2.41 shows an example of a three-electron decay of a 
positive muon recorded in a nuclear emulsion of Gurevich 
et al. [99]. 

A search for such decays was also conducted by Lee and 
Ssamios [100], who looked at 2.2 x 10° mx — u — e decays 
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Fig. 2.41 Decay of the pion in accordance with the 
scheme pretv+vt+ett+e-. The electron-positron pair 
(e,,e,) occurs at the point of decay of the muon (Gurevich 
et al.) 


obtained with a hydrogen bubble chamber in a field of 8800 
gauss. They detected three decays into three electrons simi- 
lar to those found by Gurevich et al. The radiative decay 
of the muon has also been investigated with a 5-inch freon 
bubble chamber by Crittenden et al. [101], who looked at 
approximately 3.3 x 10° stopping positive muons. They de- 
tected about ten muon decays with the emission of three 
electrons. From these data, and from the known scanning 
efficiency, the relative probability of this decay mode has 
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been found to be 


B w(u >e" -Hv +y (e™ -- e7)) 
ee 


R = (2.2+ 1.5)-10° 


w (u ag y +) 
which is in qualitative agreement with the theoretical esti- 
mates of Eckstein and Pratt. 

In the same paper, Crittenden et al. [101] reported meas- 
urements of the probability of the radiative decay process 
u—> e+ v+v +y and of the photon spectrum produced in 
this decay. The basic idea was to lookfor electron-positron 
pairs which were spatially correlated withthe point at which 
the muon decayed. Fig. 2.42 shows the photon spectrum de- 
termined from the range and scattering of electron-positron 


Fig. 2.42 The spectrum of internal 
bremsstrahlung obtained from mea- 
surements of the energy of con- 
version pairsina bubble chamber. 
The number of pairs in a 10-MeV 
interval 1s plotted as a function 
of the pair energy E, in MeV 
(histogram); the solid curve is the 
25 35 45 expected spectrum based on 
Ep, MeV Equation (2.48) 


pairs. It is based on 313suchdecays. The solid curve shows 
the expected spectrum (Equation (2.48)). It is clear that the 
agreement is excellent. Theory shows that the probability of 
decay accompanied by photons with energies in excess of 
10 MeV (y > 0.2) is 


Pe en ed ih ESL 1.3-107? 

w(u—> e +y) 
whilst the experimental result was R (> 0.2) = (1.4 + 0.4) 
x 10°. 

One of the first attempts to observe radiative u — e decay 
using counter techniques was reported by Ashkin et al. [102]. 
A more detailed experimental study was carried out by Kim 
et al. [103], who recorded the photons with a large Nal(T1) 
crystal used as a total absorption spectrometer (Fig. 2.43), 
The positive-pion beam was brought to rest ina graphite 
target which was viewed by atelescope consisting of annular 
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Incident pion beam 


Axis of 


Fig. 2.43 Determination of the 
i spectrum of internal bremsstrahlung 
in u — e decay (Kim et al.) 


scintillators 1, 2, 3, an anti-coincidence counter 4 anda 
large Nal crystal surrounded by a lead converter. Unpolar- 
ized muons were produced as aresult of n — u decays in the 
graphite target and the radiative decay of these muons was 
signalled by coincidences between decay electrons in the 
three annular counters 1,2,3and photons in the Nal counter. 
The coincidence pulse was used as a gating pulse, allowing 
the pulse from the Nal counter to enter a 50-channel pulse- 
height analyser. The amplitude of the pulse from the Nal 
counter was a measure of the photon energy in the p— e 
+y¥ytv+ty decay. 

The experimental data are compared with the theoretical 
predictions in Fig. 2.44, in which y’ isthe energy of photons 
recorded by the Nal counter, and R (y’) Ay’ the ratio of the 


Fig. 2.44 The experimental spec- 
trum of internal bremsstrahlung 
from 4 —e decay (Kim etal.). The 
histogram represents the expected 
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probability of radiative decay to the total probability of the 
usual p—~ e+ v +v decay mode, The histogram shows theo- 
retical values of R (y’) dy’ calculated on the basis of V— A 
theory with a two-component neutrino (o = 3/4), corrected 
for the resolution of the apparatus. The experimental data 
are indicated by the points. 

The above review of experimental data on the internal 
bremsstrahlung from u— e decays shows that they are in 
good agreement with predictions based on the assumption 
that the muon interacts with the electromagnetic field in a 
way which is analogous to the interaction of an electron 
with this field. 


2.13.3 Internal bremsstrahlung from pion decays (n—p+v-+y ) 


m — u decays result in the appearance of monochromatic 
muons, and the distribution of secondary-muon ranges shown 
in Fig. 1.3 (Chapter 1) can be accounted for by fluctuations 
in ionization losses. There are, however, rare cases in 
which muons with anomalously large and anomalously small 
ranges are observed. These are due to two causes. Some of 
the ™— u decays occur in flight, mainly near the end of the 
pion range, and these are sources of muons with both anom- 
alously large and anomalously small ranges, depending on 
the angle between the directions of motion of the muon and of 
the pion at the instant of decay. Another source of anomalous 
ranges is the radiative decay of the pion. This effect is 
characterized by the appearance of a photon at the instant 
of decay and is analogous to the internal bremsstrahlung in 
u ->e decay (cf. Secti n 2.13.2). In this process, the decay 
is accompanied by the appearance of a photonin accordance 
with the scheme 


T>uwtv+ty 


and the energy of the muon is reduced accordingly. Since 
radiative decays can lead only to a reduction in the muon 
range, they can easily be separated from decays in flight if 
the muon is emittedinthe forward direction. A muon emitted 
in the forward direction with an anomalously short range can 
only have been produced in the radiative decay of a pion. 
An interesting example of the radiative decay of a pion has 
been published by Fry et al. [104] andis shown in Fig. 2.40. 
A muon and an electron-positron pair originate at the point 
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Fig. 2.45 Radiative de- 
cay mop +vt¢(ett+e) 


at which the pion decays. The pair was produced as a result 
of internal conversion of the photon at the time of decay 
according to the scheme 


t>pw+v-+ (e+e) 


A similar conversion process was discussed previously in 
connection with radiative u — e decay (Fig. 2.41). 

Fry [105] found six decays in flight and an equal number 
of radiative decays among 11 841 x — u decays in photo- 
graphic emulsions. He used this result tocalculatethe ratio 
of the probability of radiative decay to the probability of the 
usual decay mode. The result was 


pa a G32413).10 
w (mp +y) 


Detailed studies of radiative pion decay were carried out 
by Castagnoli and Muchnik [106] in photographic emulsions. 
These workers used Ilford G-5 emulsions and found 87 muon 
tracks with anomalously short ranges (less than 500 microns) 


Pion decay 105 


among 93 045 n — udecays. Analysis of the possible distribu- 
tion of ranges shows that, with these statistics, fluctuations 
in ionization losses could not have led to the appearance of 
short-range muons with ranges less than 475 microns. After 
excluding a small number of decays in flight and a few doubt- 
ful short tracks for which the n— u decay point could not be 
unambiguously determined, or for which ionization and 
multiple-scattering measurements gave contradictory re- 
sults, there was a residue of 25 ranges between 340 and 479 
microns. The experimental data are compared with theoret- 
ical predictions in Fig. 2.46. The probability F(R) of emis- 
sion of a muon with a range less than a given value R was 
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Fig. 2.46 Radiative decay of the pion 
(Castagnoli andMuchnik). The solid 


curve represents the theoretical de- 
cay probability given by Equation 
(2.49) 


obtained by integrating the differential photon spectrum 
from n>u+tv+y decays, calculated by Ioffe and Rudik 
[107] and by Fialho and Tiomno [108], who showed that 


2 
Rd =^ P2 r 
27 po Eo—E p Lt E 


 Eo—E, (E --pM—y' 
ES In y 
p (E—p)M —u 


|e (2.49) 
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where R dE is the ratio of the probability of radiative decay 
(1 u+v + y) to the usual decay (1—> utv) mode, £ and 
p are the energy and momentum of the muon, and Fo and Po 
are the maximum values of these parameters corresponding 
to the normal decay. 

The figure also shows Fry’s results; the indicated un- 
certainties are the statistical errors. For ranges r < 439 
microns, these data are in agreement with the theory which 
yields R(r < 435 microns) = 0.79 x10, The experimen- 
tally observed probability of radiative decay with the muon 
energy in the range 1.85-3.35 MeV is 


2 OWE) (1.24 + 0.25) 107“ 
w(m—>p +y) o 


It is evident from Fig. 2.46 that the agreement between 
experiment and theory deteriorates as R increases, but 
this discrepancy need not be regarded as decisive because 
it may be due to underestimates of straggling, inadequate 
geometrical corrections, and so on. 

Binnie et al. [109], working on the Liverpool synchro- 
cyclotron, recorded photons from radiative pion decays 
using counter techniques. After subtracting a substantial 
background, there were twenty residual cases of radiative 
decay. The number expected under the conditions of the ex- 
periment was twelve. The results of this work are therefore 
in qualitative agreement with (2.49) and with the results ob- 
tained with nuclear emulsions. 

Theoretical aspects of radiative m — u decay have been 
considered by a number of workers. Ioffe and Rudik and 
Fialho and Tiomno assumed that 1— u decay can be de- 
scribed by gradient or non-gradient point interaction. The 
radiative decay probability has also been estimated by Huang 
and Low [110], who postulated that the pion decays into a vir- 
tual proton-antinucleon pair which then undergoes annihil- 
ation. Assuming that 


Gy Gy is, Me 


Ga Ga M 


where me and M are the masses of the electron and of the 
nucleon respectively, they found that the relative probability 
of the radiative mode was 


Ra ORT EW 1.1.1071 2m 
w(t—> pu + Vv) Omin 
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where @max and Opin are the maximum and minimum ener- 
gies of the recorded photons respectively. By recording all 
photons between 1 MeV and the maximum possible energy 
of 28 MeV, we obtain R = 3.7 X10, which is inagreement 
with the experimental values of R given above. 


2.14 SEARCHES FOR RARE MUON DECAY MODES 
2.14.1 The u>e+y mode 


The decay of the muon into an electron and a photon has 
attracted considerable attention and has been investigated 
with gradually increasing sensitivity. This decay mode is a 
necessary consequence of theories requiring the existence 
of an intermediate particle responsible for the weak inter- 
action. Feynman and Gell-Mann [21] proposed that the inter- 
action of four fermions occurs non-locally andhence the two 
currents forming the four-fermion interaction (e.g. wv and 
ev) exchange a particle between them, This particle should 
be charged and its spinshould bel (charged vector boson) in 
order to ensure that vector and axial-vector forms of the 
weak interaction are possible. Moreover, inordertoexplain 
the absence of the process 


K>W+y 


the mass of the intermediate boson Wshould be greater than 
the mass of the kaon. The existence of this boson leads to a 
number of consequences for u — e decay. For example, Lee 
and Yang have shown that the Michel parameter g which 
determines the shape of the spectrum of electrons from 
muon decays (u-e-+v+v), increases from ọ = 3/4 in 
the two-component neutrino theory to 


while the lifetime of the muon decreases in the ratio 


Paley 


as compared with the value predicted by V — A weak-inter- 
action theory. Thus, if the mass of the intermediate boson 
is equal to the mass of the kaon, the magnitude of @ should 
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increase to approximately 0.76, whilst the lifetime should 
decrease by 2-3%. However, we saw at the beginning of this 
chapter that the Michel parameter ọ cannot be measured at 
present to an accuracy which would allow us to distinguish 
between 0.75 and 0.76, and the uncertainties in the lifetime 
of the muon associated with radiative corrections are also 
of the order of afew per cent. There is, however, another 
consequence of the existence of the intermediate boson which 
can be tested experimentally, namely, the muon can decay 
into an electron and a y ray: 


per y 


If the intermediate boson W exists, this is a second-order 
process in which the y ray is produced as a result of the 
following virtual interactions. 
1. Transformation of the muon into an intermediate boson 
and a neutrino 


u> W +v (2.50) © 


2. Emission of a photon by the intermediate boson: 


W —>y -HW (2.51) 
3. Conversion of the intermediate boson into an electron 
through the absorption of a neutrino: 


W --v—e (2.52) 


These processes can be described by the Feynman dia- 
gram shown in Fig. 2.47. The net result of these processes 
is the creation of an electron and a photon: 


u—>e+y 


This effect requires that the neutrino emittedin (2.50) should 
be absorbed in the process described by (2.52). 

The first of these neutrinos is connected withthe muon in 
the muon weak-interaction current, and the second with the 


i i Fig. 2.47 Feynman diagram for 


j | the >e + y decay with an inter- 
x y e mediate vector boson 
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electron in the electron current. Hence in order that the 
reactions (2.01)-(2.53) should be possible, it is necessary 
that muon and electron neutrinos be identical (vu = ve). 

The probability of the above three processes should be of 
the order of the product of the weak- and electromagnetic- 
interaction constants G’a, i.e. it should be large enough for 
an experimental test. Gell-Mann et al. [117] have estimated 
the relative probability of u-e+y andupoe+v+yv 
decays as 


_ w>e+y) eet (ina) 
w(u>e+v+v) 8137 my 
This formula is valid for A ẹ my, where im is the mass of 
the intermediate vector boson A the cut-off parameter. For 
reasonable values of this parameter, R~10°-10°%. 
Let us consider now the various experimental searches 
for this decay mode. 


a. Bubble-chamber experiments. 

The detection of u — e + y decays in the bubble chamber 
reduces to a search for u — e decays accompanied by the 
appearance at some distance from the decay point of an 
electron-positron pair due to conversion of the y ray. The 
pair energy should approach 953 MeV and the y ray should 
be emitted in the opposite direction to the electron. Krest- 
nikov et al. [118] have looked for such decays in a freon- 
filled bubble chamber. They analysed 91 000 stopping positive 
muons in the chamber and with a y-ray recording efficiency 
of about 25% at 53 MeV they did not find a single decay 
which could be reliably identified as the u — e + y decay. 
It follows that the probability of this decay, R, is less than 
4 x 10°. Crittenden et al. [101] used a similar method and 
were also unable to find a single u —> e -+ y decay among 
220 000 u* decays and hence estimated that R < 2.5 x10”. 


b. Counter experiments, 

In these experiments the target in which the positive pions 
are brought to rest and the u — e decay can occur is sur- 
rounded by positron and y -ray counters capable of record- 
ing particles with energies of about 55 MeV. The efficiency 
and resolution of the y-ray and electron counters have 
gradually been increased, and backgrounds due to random 
coincidences and to radiative decays (u>e+v+v+y) 
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have been reduced. Another improvement has been the de- 
velopment of faster oscilloscopes for recording the events. 
The first experiments of this kind were carried out by 
Lokanathan and Steinberger [119], who did not detect the 
u — e + y mode and concluded that R < 2 x 10%. 

Davis et al. [120] recorded y rays and electrons with 
two telescopes consisting of scintillation and water-filled 
Cerenkov counters and concluded that R < 10”. 

As an example of such experiments, let us consider the 
work of Frankel et al. [121] (Fig. 2.48). A beam of 290- 
MeV/c positive muons was brought to restin a lucite target. 


Fig. 2.48 Search for the prety 
decay mode (Frankel et al.) 


C, and C were plastic scintillators, and C, and C, large 
Nal(Tl) crystals (12.5-cm diameter, 15-cm long). Monochro- 
matic positrons and y rays produced in possible p>e+ y 
decays would have been reliably observed in thesecrystals. 
Counters C, and C, wereusedin an anti-coincidence system: 
the absence of pulses from them indicated thatthe operation 
of Cs and C, was due to y rays. C;C,C,C» or C3C,C;C, coin- 
cidences signalled the required decays when the total energy 
dissipated in C, and C, was about 53 MeV. 

In a fortnight’s run, about 9 x10° nh>e-+v-+ v decays 
were recorded, in which the positron energy was about 
o3 MeV, but the number of coincidences between these 
positrons and pulses due to y rays of equal energy did not 
exceed the expected random coincidence rate. Analysis of 
these data leads to the conclusion that R < 1.2 x 10-6 with 
a 90% confidence level. The absence of u — e + y decays 
has also been confirmed by O’Keefe et al. [122], using the 
Liverpool accelerator, by Berley etal. [123], and by Ashkin 
et al. [102], working with the CERN synchrocyclotron. 
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In all these papers the upper limit for the relative prob- 
ability of this decay mode was reported to lie in the range 
R = (1.5-6.0) x10}. These results are summarized in 
Table 2.5. A further increasein the sensitivity of such meas- 
urements was achieved by placing spark chambers in front 
of the positron and y-ray counters. This procedure has led 
to a considerable increase in the angular resolution of the 
apparatus, and to an increase in the efficiency and reliability 
of the experiments. 

Fig. 2.49 shows the apparatus used by Alikhanov et al. 
[123a]. In this figure, O is a cylindrical counter target in 
which the positive pions were brought to rest (2300 per sec). 
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B — six-layer cylindrical spark chamber; M — single-layer plane spark 
chamber; K-1, K-2 — cameras; S — mirror used to obtain stereoscopic 
image; I, II, A, 1-12 — scintillation counters 


Fig. 2.49 The experiment of Alikhanov et al. 

Coincidences in counters O, A (4,5,6) or (7,8,9) or (1,2,3) or 
(10,11,12) fix the number of p — e decays inthe counter tar- 
get O. Fast O,4,5,7,8,6,9,A and O,1,2,10,11,3,12,A coinci- 
dences were used to produce a pulse which operated the 
spark chambers. The tracks left by charged particles in the 
gaps between the spark-chamber electrodes were photo- 
graphed in two directions by cameras K-1 and K-2, A third 
camera photographed the screen of an oscilloscope, which 
was used to measure the time between the I,II,O and O,4,5,7, 
8,6,9,A or O,1,2,10,11,3,12,A coincidence signals. 

The six-layer, cylindrical spark chamber, which was co- 
axial with the counter target O, was designed for the detection 
of the electron and yray inthe muon decay. One of the cylin- 
ders was made of lead and the others of aluminium. In this 
way, electron-positron pairs produced by y rays were re- 
corded in the last two gaps of the chamber, while electrons 
were recorded in all six gaps. 
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The plane, single-gap spark chamber M was used to de- 
termine the coordinates of the point of entry of positive pions 
into the counter O in the plane perpendicular to the beam. 
The following selection criteria were used to separate pos- 
sible u — e + y decays from the background of normal p — e 
decay modes accompanied by the detection of y rays in the 
cylindrical spark chamber. 

1. Thetime between the arrival of a positive pion and the 

e, y, event measured on the oscilloscope must liein the 
range 0< t< Ə p sec. 

2. There must be no other tracks in the cylindrical spark 
chamber apart from the electron track and the tracks 
of the electron pairs produced by the y. 

3. The point of entry of the positive pion, measured with 
the aid of the spark chamber M, must be within 2 cm of 
the extension of the electron track into the cylindrical 
spark chamber. 

4, The angle between the electron and the y ray must be 
within the range 180 + 6° in the plane perpendicular to 
the beam, and in the range 180 + 40° in the other pro- 
jection. 

In 66 hours of operation, 5.5 x 108 stopping positive pions 
were recorded in counter O, and there were six events for 
which the angles between the electron and y ray lay in the 
range 174-144° in the first projection. These were most 
probably u — e +v + v + y decays. Calculations predicted 
six radiative decays in the range 180-144°. This experiment 
yielded the following upper limit for the probability of u —> 
e + y decays with a 90% confidence level: 


R<«5-107 


A further reduction in the upper limit of the experimental 
value for the p —> e + y decay probability has been obtained 
with spark chambers by Frankel et al. [124, 126] and 
Bartlett et al. [125,126]. In both cases large spark chambers 
were placed before electron and y-ray counters. Despite the 
greatly increased sensitivity, no »—-e-+ y decays were de- 
tected, and the upper limits for the relative decay probability 
were found to be 


R<1.9-10°7, R<6-10°° 


with a 90% confidence level. A complete summary of the 
various experimental data is given in Table 2.5. 
It is clear that experiments with progressively increased 
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Table 2.5 
Method of recording of 
Reference the electron and photon = aes ET 
from u> e+ y decays w(u> e+ vt v) 
[118] Freon bubble chamber <4 x 107 
[119] Scintillation counters <2 x 107 
[101] Freon bubble chamber <2.5x 107 
[120] Cerenkov counters <10° 
[123] Scintillation counters <2 x 107° 
[121] Large crystals for e and y <1.2x 10° 
counting l 
[122] Nal(T1) crystal for electrons <6x 10° 
and telescope with lead 
converter for y’s 
[102] Range telescope for electrons <10° 
and large Nal(T1) crystal for 
y’s 
[123] Spark chambers and <5 x 10” 
scintillation counters 
[138] Spark chambers and large 
crystals for e’s and y’s <4x 10° 
[125] Spark chambers and <6x 10° 
scintillation counters 
[139] : <10” 


sensitivity and reliability have not succeeded in detecting 
the expected u—> e +1 decay mode, and that the relative 
probability of this mode is less than 10” -10%*. Itis thus 
considerably lower than the probability R ~ 10°°-10™* pre- 
dicted by V — A theory, assuming the presence ofthe inter- 
mediate vector boson. 


2.14.2 The u»3e mode 


The Fermi interaction theory involving a pair of charged 
and a pair of neutral particles forbids the process 
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a at ie a (2.53) 
However, if the decay 
u—>e+y (2.54) 


exists, then the decay of the muonintothree electrons could 
occur as a result of the internal conversion of the y ray. 
The probability for this process would be lower by two or 
three orders of magnitude than the probability of (2.54). 

The decay mode (2.53) should be accompanied by the ap- 
pearance at the decay point of three coplanar relativistic 
electron tracks. These events can be recorded in nuclear 
emulsions and bubble chambers with almost 100% efficiency, 
but have not been observed so far. Table 2.6 shows the re- 
sult of searches for the u— 3e decay mode using bubble 
chambers and nuclear emulsions. 

The total number of n —> p — e decays which have been 
observed in various laboratories is nowconsiderably greater 
than 10° and it may therefore be concluded that the relative 
probability of p —> 3e decays must be less than 10°, i.e. 


Ra ee! ig 
w(u—> e+v-+v) 

A search for the u* — 3e decay mode has been carried out 
using counter techniques by Parker and Penman [127] and 
by Babaev et al. [128, 140]. The former experiment is il- 
lustrated in Fig. 2.50, which shows the scintillation-counter 
target in which the positive-pion beam came to rest (the 
beam is incident at right angles to the plane of the figure), 
and three identical electron telescopes for detecting the three 
decay electrons from p > e* + e + e* decays. Each electron 


Table 2.6 Search for the 1>3e mode 


Number of 
Reference m>u-e Method 
decays 


[100] Hydrogen bubble chamber 


[ 10 1] Freon bubble chamber 


[126] 


[99] 


Nuclear emulsion 


” 
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Fig. 2.50 Search for the p*> 3e mode (Parker and 
Penman). The cylindrical target (scintillation 


counter) 1s surrounded by three identical electron 
telescopes(A,, A,, 4,), (B,, B,, B, and(C,, C,, C;) 


telescope consists of two scintillation counters with graphite 
absorbers between them and a large anti-coincidence coun- 
ter. About 10° mesons were brought to restin the cylindrical 
counter target. When the efficiency of the entire apparatus 
for the simultaneous detection of thethree electrons is taken 
into account, the number of stopping pions is calculated to 
be 1.7 x 107. Altogether five cases were found of the simul- 
taneous appearance of three electrons which were time- 
correlated with the x* — u decay. It was estimated that all 
five cases could be explained by the decay scheme 


us > ete tet+v+_yv 


i.e. a radiative decay in which, instead of the photon, an 
electron-positron pair is produced. 


The upper limit for the three-electron decay probability 
_ We e4-e) 
w (> e -+y +y) 

was estimatedtobe5 x 10 ’, whichis less than the result ob- 


tained with bubble chambers and nuclear emulsions. Babaev 
et al. [128] have used spark chambers in conjunction with 
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scintillation counters in an apparatus similar to that em- 

ployed by Alikhanov et al. Again, the three-electron decay 

of the muon was not detected and the upper limit of the rel- 

ative decay probability was found to be R < 2.6 x10”. 
Frankel et al. have found that R < 1.5 x 10”. 


2.14.3 The neutrino-less conversion of a muon into an electron 


The neutrino-less conversion of a muon into an electron 
refers to the transformation occurring in the Coulomb field 
of the nucleus N of a mesonic atom. This process can be 
described by the scheme 


u + N>N*F+e& (2.99) 


where N is anucleon or nucleus. In this process, the nucleus 
recoils and the electron energy is approximately equal to 
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F1g. 2.51 Search for the transformation of the negative muon into an 


electron without the emission of a neutrino (Sard, Crowe and Kruger). 
The meson beam is horizontal and the particles leaving the meson target 
at right-angles to the muon beam enter the magnetic spectrometer. The 
energy of these particles is measured with a long scintillator at the 
Spectrometer exit 
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the muon rest energy m, = 100 MeV or a little less if the 
nucleus is left in an excited state. The possibility of this 
process is also connected with the u — e + y decay mode. 
The negative muon absorbs a virtual photon in the nuclear 
Coulomb field, transforming into an electron, while the 
nucleus N* absorbs the excess momentum of the interaction. 

Until recently, the only search for this reaction was the 
work by Steinberger et al. [129], who looked for u—e con- 
version by recording particles with ranges greater than 
24.5 g/cm? of polyethylene, leaving a 3.2-mm copper plate 
in which negative muons came to rest. The neutrino-less 
reaction in this case is 


uT -+ Ca Cu + e (2.56) 


The result was negative and it was estimated that the ratio 
R of the probability of the reactions described by (2.56) to 
the probability of absorption of the negative muon by the 
copper nucleus was 


R= w(u +Cu—>e +Cu) 


~ 10 
w(u + Cu >v + Fe) 


Sard et al. [130] used a magnetic spectrometer to select 
electrons with energies of approximately 95 MeV, as shown 
in Fig. 2.91. This led to a considerable reduction in the 
background and to an improvement in resolution. These 
workers found an upper limit for R of (473) x 107°. 

Conversi et al. [131] have studied the decay mode (2.99) 
in a series of experiments of progressively increasing 
sensitivity. The last experiment of this group is illustrated 
in Fig. 2.52. Negative muons were brought to rest in the 
copper plates of a spark chamber so that it was possible to 
observe the trajectories of electrons whose energy was 
measured by a large Nal scintillator counter. The use of 
the spark chamber together with the oscilloscope technique 
for displaying counter pulses led toa considerable improve- 
ment in resolution. Among 2 x 10° mesons coming to rest in 
the copper plates of the spark chamber, four electrons with 
energies between 95 and 100 MeV were recorded, but they 
could have been due to the background. Conversi concluded 
from this that the relative probability of the neutrino-less 
conversion of the negative muon into an electron is not 
more than 2 x 107, 
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Copper plate 3 90-MeV 
b muon beam 
Z D 


SC — spark chamber in whose 
copper plates the negative muons 
were observed; Nal — totally ab- 
sorbing crystal recording elec- 
trons with energy of = 100 MeV; 


So 1, 2 — scintillator counters for 
Ye recording the negative muon 
beam; 3, 4, 5, Nal form an elec- 

tron telescope 


Fig. 2.52 Experiment of Conversi 
et al. 


It may be concluded that measurements todatedo not show 
the existence of the neutrino-less conversion ofthe negative 
muon into an electron. However, as the sensitivity of the 
methods increases and the background is reduced, the upper 
limit of the probability R continues to fall. The various pub- 
lished experimental results are summarized in Table 2.7. 


2.14.4 Discussion of data on rare decay schemes 


The data reviewed above indicate that none of the following 
decay modes have so far been observed: 


u —> 3e (2.93) 
>et y (2.54) 
U +N>N+e (2.99) 


This may be regarded as strong evidence against the exis- 
tence of the intermediate vector boson if the analysis is 
confined to the single-neutrino theory. Consider, for ex- 
ample, the decay u —> e + y. If the boson responsible for 
weak interactions exists, and if the two neutrinos are iden- 
tical, this decay should occur with a relative probability of 
about 10°*-10~4, whereas experiment yields R< 1077-1078, 

The simplest hypothesis which would explain the absence 
of these reactions is that there exist two types of neutrino, 
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i.e. the muon neutrino originating in  — u decay: 
TW + Vy 


and the electron neutrino which appears, for example, in Ê 
decay: 


n> ptet 


If these neutrinos are different, then reactions (2.53)-(2.55) 
are forbidden absolutely by the law of conservation of lep- 
tonic charge, since the right and left sides of these reactions 
contain different leptons. 

In Chapter 1 we considered the neutrino experiments per- 
formed at Brookhaven andCERN. These experiments showed 
that the neutrinos produced ina — u 4- v decays can produce 
muons in accordance with the schemes 


re 
Vy i> pr pe 


but do not produce electrons and positrons, i.e. 


vit pent et 
Ves tae pare 


One would expect that such electrons would be produced 
if ve = vu. Results of such experiments thus indicate why 
the search for the rare decay schemes has been unsuccess- 
ful. 

It must also be noted that there are as yet no direct ex- 
perimental data indicating the existence of the intermediate 


Table 2.7 


Method of recording 
of electrons with 
energies ~ 100 MeV 


Range in 
polyethylene 


Reference 


Magnetic spectrometer <107 


+3 Š 
Differential range spectrum < (4 >? x 10° 


[130] 


[131] | Spark chamber <5.9 x 10° 


<2 x 10” 


Totally absorbing Nal 
crystal 


[131] 
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boson responsible for weak interactions. Experiments with 
high-energy neutrinos which were considered in Chapter 1 
did not provide any evidence for the existence of such a 
particle. Analysis of these experiments leads to the conclu- 
sion that if such a particle does exist, its mass must be 
very large (My2 2 GeV with a 99% confidence level). 


Chapter 3 


NEGATIVE-MUON CAPTURE 


3.1 NEUTRONS FROM NUCLEAR „` CAPTURE 


In Chapter 1 we summarized the results of experimental 
studies of the interaction of muons with the simplest nuclei, 
i.e. protons and He?®, It was shown that the interaction of 
the negative muon with nuclear matter can be explained by 
postulating the reaction 


uw + p>n- by (3.1) 


in which the proton captures the negative muon and is trans- 
formed into a neutron and a neutrino. Practically the entire 
energy liberated in this process, which is close to the rest 
energy of the negative muon, is carried off by the neutrino. 
A detailed analysis was given in Chapter 1 of the experi- 
mental data on the interaction of negative muons with nuclei, 
together with a discussion of the conclusions which may be 
drawn from these data relating to the nature of the Fermi 
interaction (3.1). 

The secondary particles produced in this reaction arethe 
neutron and the neutrino. We will begin our review of phe- 
nomena which occur during the capture of negative muons 
by nuclei, with experiments in which the neutrons emitted 


121 


122 Muons 


in this process have been observed. It follows from the ele- 
mentary reaction (3.1) that the capture of a negative muon 
by a proton reduces the nuclear charge by 1: 


W + ZA (Z— 14 + (3.2) 


If the muon is captured by a proton at rest, the energy of 
the neutron in reaction (3.1) is approximately 5.2 MeV. 
Since, however, the nucleons in the nucleus are in constant 
motion, the neutron energy is found to be appreciably 
greater, and may reach a few tens of MeV. The fast neutron 
either leaves the nucleus, or ejects aparticle through a dir- 
ect interaction, or transfers its energy to other nucleons, 
thus ‘exciting’ the nucleus. In the ‘evaporation’ which fol- 
lows this excitation, the emission of protons and other 
charged particles is impeded by the Coulomb barrier, and 
therefore the particles emitted during this process are 
mainly neutrons and y rays. 

The first experiments with neutrons from nuclear p 
capture were those of Sard et al. [1] and Groetzinger 
[2], who established the existence of a correlation be- 
tween the absorption of a negative muon and the emission 
of a neutron, and estimated the mean number of neutrons 
per uw capture (the so-called ‘multiplicity’ n). In some 
experiments performed after 1952-1953, it was possible 
to increase the neutron detection efficiency, and this led 
to a considerable improvement in the statistical accuracy 
(Widgoff [3], Jones [4], Kaplan [5]). Experiments carried 
out prior to 1953 have been reviewed by Sard and Crouch [6], 

The first apparatus for the detection ofneutrons from nu- 
clear » capture was built by Sard at Washington University 
(Fig. 3.1). Coincidences between two rows of Geiger count- 
ers, A and B, which were not accompanied by counts in the 
row C, i.e. events of the type ABC, identified cosmic-ray 
mesons which passed through 12.7 cm of lead and came to 
rest in the 7-cm-thick lead target. Neutrons emitted by the 
lead nuclei were detected by the thermal neutron counters 
N located in a large block of paraffin which slowed them 
down to thermal energies. The neutron counters were pro- 
portional counters filled with B! -enriched boron trifluoride, 
Neutrons emitted in u capture were identified by delayed 
coincidences in N, using the fact that the moderation 
of fast neutrons to thermal energies occurs in a time of 
the order of 1 usec, whereas the drift of time before B! 
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SOOO A a e A a AD e GD = A n A e A 
PO OP OO av Av AWAY BU AG AP, 
Fig. 3.1 Detection of neutrons re- 


sulting from the capture of slow 
cosmic-ray negative muons in lead 
(Sard et al.) 


capture is of the order of 10-100usec. After each ABC event, 
the circuit produced an 80-yusec gating pulse which was de- 
layed by 4 usec relative to the ABC pulse. This delay was 
necessary to reduce the background due to prompt counts in 
N. ABCN coincidences selected neutrons which were time- 
correlated with the capture of negative muons in the lead 
absorber. For control purposes, the neutron counters were 
covered by a cadmium shield. The efficiency of the appara- 
tus and the significance of the final results may be judged 
from the following figures. In 181 hours of operation at sea 
level, there were 61 ABCN coincidences, whilst the esti- 
mated number of random coincidences was 0.2. When the 
boron counters were placed behind the cadmium shield there 
were no ABCN coincidences in 51 hours of operation. In add- 
ition to showing the correlation between stopping negative 
muons and the emission of neutrons, the experiment was 
also the first direct demonstration of the fact that negative 
muons captured by nuclei were capable of producing nuclear 
disintegrations. 

An interesting modification of this method was reported 
by Althaus [7], who combined a multiplate Wilson cloud 
chamber with boron neutron counters sunk in a paraffin 
block. This method was used to obtain photographs of muons 
stopping in the lead plates of the cloud chamber accompa- 
nied by counts in the boron counters. 

Similar methods of recording neutrons with boron count- 
ers surrounded by paraffin were used by Groetzinger et al. 
[2, 8], who deflected negative muons on to an absorber with 
a magnetic field. The number of neutrons per muon capture 
in the lead absorber was estimated from these experiments 
to be n = 1.96 + 0.72. 


Paraffin 
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Quantitative experiments of the kind described above are 
very difficult because of the absolute neutron detection effi- 
ciency and the number of muon captures must be deter- 
mined. Moreover, the effect of particles which can also 
generate neutrons, e.g. protons and pions must be elimi- 
nated. This was achieved by performing some of the meas- 
urements underground (a real density of the absorber up to 
2000 g/cm’). 

The neutron detection efficiency in the above experiments 
was quite small. For example, even in the experiments of 
Widgoff [3], who achieved the highest efficiency, it only 
amounted to about 7%. 

In the experiments of Kaplan [5], however, the neutrons 
were detected with an efficiency approaching 60% by a 
liquid scintillator containing cadmium (Fig. 3.2). The vol- 
ume of the detector was so large that the efficiency was 
practically independent of the neutron energy. The neutron 
counter was in the form of a cylinder (75-cm long, 75-cm 
diameter) with reflecting walls, and filled with a toluene 
solution of terphenyl. Of the neutrons slowed down in this 
medium 95% were captured by the cadmium in the solution, 
giving rise to y-ray cascades with total energies of 9.2 MeV. 
The remaining 5% of neutrons were captured by protons 
with the appearance of 2.2-MeV y rays. Most of these were 
converted into electrons producing scintillations in the 
counter. The scintillator was viewed by 44 photomultipliers 
in two independent groups. Pulses from the neutron counter 
and from counters I, II, III], IV, which defined the negative- 
muon beam were fed into two oscilloscopes whose screens 
were photographed on the same frame. 

The following neutron multiplicities were obtained: 

1. silver n == 1.55 + 0.06; 


2, iodine n = 1.49 + 0.06; 
3. gold = 1.63 + 0.06; 
4, lead n= 1.64 Ł 0.07. 


Table 3.1 gives the neutron distributions obtained in these 
experiments (f (n) represents the probability of emission 
of n neutrons). 

It is evident from Table 3.1. that the probability of emis- 
sion of no neutrons at all in the capture of negative muons 
by heavy nuclei is comparatively high: it approaches 0.4 
and is nearly equal to the probability of emission of a 
Single neutron. The data are not accurate enough to estab- 
lish the existence of emission of four or more neutrons, 
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Fig. 3.2 Detection of neutrons from negative-muon 
capture in lead, 1odine, gold, and silver (Kaplan et al.) 


Table 3.2 summarizes most of the available data on the 
mean number of neutrons produced in nuclear p capture. 

Analyses of the emission of neutrons in w capture 
based upon evaporation theory have been carried out by 
Tiomno and Wheeler [11], Rosenbluth [12], Lubkin [15], 
Kaplan [5] and Singer [16]. The problem was to find the nu- 
clear excitation function from a postulated model, and 
hence, to use the evaporation theory to determine para- 
meters such as the mean number of neutrons per capture, 
the number distribution of emitted neutrons and the neutron 
energy spectrum. Some of the results of suchestimates are 


Table 3.1 Distribution of neutrons from negative-muon captures 
in Ag, I, Au and Pb 


Ag 0.383 £0.025 0.455 £0.025 0.124 +0.015 
I 0.393 +0.026 0.463 £0.026 0.107 £0.014 
Au 0.368 £0.022 0.447 £0.023 0.144 £0.014 
Pb 0.376 £0.027 0.446 £0.028 0.121 +0.016 
Element f(3) f (4) f (È 4) 
Ag 0.033 £0.007 0.002 +0.003 0.002 £0.002 
I 0.029 40.007 0.007 0.004 0.000 0.002 
Au 0.027 +0.006 0.011 £0.003 0.002 0.002 
Pb 0.049 £0.010 0.007 0.004 0.002 +0.002 


Table 3.2 Mean number n of neutrons (multiplicity) in nuclear negative- 
muon capture 


Nucleus! Z n Method Reference 


Na 11 +0. Boron counters for slow [4] 
neutrons, magnetic deter- 
mination of the sign of the 
sign of the muons 


Mg 12 ; . Boron counters for slow [9] 
neutrons 

Al 13 0.95 40.17 Boron counters for slow [4] 
neutrons 

Ca |20 | 0.40+0.4 ” [9] 

Ag |47 | 1.55 0.06 | Liquid scintillator with Cd for [5] 
neutron counting 

Sn 50 1.54 £0.12 | Boron counters for slow [3] 


neutrons 
I [57 1.7+0.4 Radiochemical method: search [10] 
for Te isotopes, accelerator 


1.49 +0.06 [5] 
Pb |82 [3] 


Boron counters for slow [6] 
neutrons 
1.50+0.40 ” [4] 
1.96 £0.72 Boron counters for slow [8] 
neutrons 
[3] 
[5] 


2.32 £0.17 
Au |79 1.63 +0.06 
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given by Kaplan [5], who used two nuclear models, namely, 
the Fermi gas model with two values of the reduced 
nucleon mass (M, = M and M, = M/2), and the o-particle 
model in which negative muons are assumed to be absorbed 
by an a particle in a nucleus, Both models are capable of 
accounting for the experimental data on neutron multi- 
plicities for lead and silver in terms of the elementary 
reaction 


u + pn- 


A more sensitive verification of evaporation theory would be 
achieved by studying the neutron energy spectrum and by 
improving the accuracy ofdata onthe probability of emission 
of several neutrons, but experiments of this kind have not 
been performed to date. 


3.2 EMISSION OF CHARGED PARTICLES IN 
NUCLEAR p- CAPTURE 


For twelve years following the discovery of the muon in 
1936, no experimental evidence was forthcoming for the 
existence of specifically nuclear interactions in nuclear p` 
capture. One of the first experiments indicating the pres- 
ence of such interactions was performed by Camerini [17], 
who exposed nuclear emulsions at mountain altitudes. The 
emulsions were surrounded by a lateral lead screen but 
were exposed at the top and bottom to cosmic radiation. By 
following meson tracks in the emulsion from the capture of 
o stars back to the points of entry into the photographic 
plate, Camerini showed that multi-prong o stars were pro- 
duced as a result of the capture of mesons leaving the lead 
screen, whilst mesons producing single-prong stars usually 
entered emulsions from above, i.e. from air. Such stars 
were due mainly to negative muons produced at moderate 
altitudes by primary cosmic radiation. 

George and Evans [18], exposed nuclear emulsions under 
a depth equivalent to 40 m of water. The emulsions were 
prepared and developed underground to reduce the back- 
ground, and a total of about 30 o stars due to negative muons 
was observed. 

A detailed study of stars produced as a result of nu- 
clear u` capture became possible when pure negative-muon 
beams produced by accelerators became available. The 
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experiments have now been carried out both with nuclear 
emulsions and with bubble chambers. A characteristic fea- 
ture of negative muons stopping in emulsions or bubble 
chambers is that most of the stoppingtracks are not accom- 
panied by the appearance of secondary charged particles in 
the detecting medium. We have seen above that about 40% of 
u` captures by heavy nuclei are not accompanied even by the 
emission of neutrons. It is evident that the emission of 
charged particles is impeded to an even greater extent by 
the presence of the Coulomb barrier. According to [18, 19], 
97.6% of negative muons stopping in the emulsion do not 
form visible stars, 2.2% give rise to single-prong stars 
and only about 0.2% are accompanied by stars with two or 
more prongs. 

These data are summarized in Table 3.3, together with 
the corresponding prong distribution for stars produced by 
stopping negative pions in nuclear emulsions (Menon et al. 
[23]). Less than 3% of stopping negative muons produce vis- 
ible stars, compared with 72% of stopping negative pions. 

A similar result was obtained by Stanard [20], who stud- 
ied the probability of w` capture in carbon, using a propane 
bubble chamber. He found only three one-prong stars among 
190 negative muons stopping in the chamber. The energy of 
the secondary particles in these stars was found to be less 
than 15 MeV when they were assumed to be protons, 

Secondary charged particles emitted as a result of u` 
capture by the emulsion nuclei have short ranges which 
only in rare cases exceed 2-3 mm. The singly charged par- 
ticles (protons, deuterons and tritons) have not therefore 
been individually identified so far, but the identification of 
a particles is relatively easy. If it is assumed that all 
singly charged particles in stars are protons, then it fol- 
lows from the data of Morinaga and Fry [19] that the number 
of such ‘protons’ per u captureinemulsion nuclei is 2.2%, 


Table 3.3 Track-number distribution (in %) for oO, and Oy stars in nuclear 
emulsions 


0 
(muon stopping 
without visible 3 4 5 
secondary track) 


97.6 2.2 |~0.2] 15 2 
28 28 23 


Number of 
tracks 
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whilst the number of « particles is 0.5%. The energy spec- 
tra of these ‘protons’ and a particles for single-prong o, 
stars in emulsions are shown in Figs. 3.3 and 3.4, in which 
the number of particles per 1-MeV energy range is plotted 
as a function of their energy in MeV. It is evident from 


Probability of emission (arbitrary units) 


S 


70 20 | JO 
Proton energy, MeV 

Fig. 3.3 Spectrum of protons emitted in o,,- Stars In nu- 
clear emulsions. The histogram is based on the data of 


Fry. Curves I, II, and III are calculated from models I, 
Il, Ill (see text) 


ne 
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a-particle energy 
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Fig. 3.4 Spectrum of a particles emitted in ø stars in 
emulsions. The histogram is based on the data of Fry. 
Curves I, II, and III are calculated from models I, II, IH 
(see text) 
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these distributions that the energy of charged particles in 
o, stars does not exceed about 25 MeV. 

The introduction of the liquid-nitrogen bubble chamber 
and of the diffusion chamber has opened up new possibilities 
for the investigation of o, stars. Alvarez etal. (cf. Chapter 
5), who discovered the muon catalysis ofthe fusion of a pro- 
ton and a deuteron into the He? nucleus, showed that the 
transfer of the negative muon occurred very efficiently be- 
tween the proton and the deuteron. As a result of collisions 
between the mesonic atom (up) and deuterium nuclei, the 
negative muon leaves the mesonic atom (up) and forms 
(ud). This process reaches saturation when the deuterium 
concentration is about 1%. Schiff [21] and Dzhelepov et al. 
[22] have shown that the negative muons in (up) and (ud) 
mesonic atoms have a high probability oftransfer to impur- 
ity nuclei introduced artificially into the chamber. 

Schiff introduced neon in relative amounts of 15 x 10° 
and 260 x 10° into a liquid-hydrogen bubble chamber (cf. 
Chapter 5) and observed the transfer reactions 


(up) + Ne— (u Ne) + p 
(ud) + Ne— (w Ne) + d 


As a result of these reactions, the negative muon is captured 
by the neon atom where it either decays or is captured by 
the nucleus. 

Fig 3.5 shows an unusual photograph obtained by Schiff 
in this experiment. The primary negative muon enters at 
left, forming a visible track. Near the point of interaction 
a ‘rejuvenated’ negative muon track is produced showing 
the characteristic X gap. 

The energy of the ‘rejuvenated’ muon is about 5.4 MeV so 
that the usual sequence (pp) + d— (ud) -+ p and (ud) + p 
—> He + w must have taken place. An unusual feature of 
this photograph is that the ‘rejuvenated’ negative muon is 
Slowed down in hydrogen, forms the mesonic atom (wp) and 
is again captured by a deuteron, which is indicated by the 
second X gap at the end of its range. Finally it is trans- 
ferred from the deuteron to a neon nucleus and its capture 
results in the appearance of a single-prong star at the end 
of the sequence. 

Schiff observed 136 o, stars produced as aresult of neg- 
ative-muon capture by neon nuclei. Fig. 3.6 shows the range 
spectrum of charged particles emitted in these stars. Only 
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Fig. 3.5 Unusual photograph of a negative muon 
stopping in a liquid-hydrogen bubble chamber contain- 
ing deuterium and neon impurities 
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Fig. 3.6 Spectrum of protons from o- Stars produced 
as a result of negative-muon capture by neon 


those secondary particles whose ranges were greater than 
2mm were selected. This cut-off explains the absence from 
the histogram of short-range particles. The energy of the 
secondary particles determined from the range-energy re- 
lation on the assumption that all the particles were protons 
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is indicated along the upper scale. As canbe seen, the max- 
imum proton energy does not exceed 20 MeV. In one case 
(not indicated in the histogram), a proton from a single- 
prong star had an energy of 29 MeV. Most of these stars 
have a single secondary charged particle and only five stars 
out of the 136 observed had two prongs. Schiff estimated 
that the probability that a negative muon captured by a neon 
nucleus would produce a visible star was 3.2 + 0.5%. All 
these data are in agreement with the results obtained from 
the study of o, stars in nuclear emulsions. 

Analysis of Fry’s data on the nature and spectrum of par- 
ticles in 0, stars in emulsions, interms of various possible 
nuclear models, has been performed by Ishii [24], who calcu- 
lated the spectrum of a particles and protons evaporated as 
a result of w capture in AgBr emulsion crystals. In order 
to obtain the nuclear excitation function, it is necessary to 
know the momentum spectrum of nucleons in the nucleus. 
Ishii used the following models: Fermi gas model with kT = 
0 and kT =9 MeV, and the Chew-Goldberg distribution 


_ A 

(BHY 
where A and B are constants. Comparisons of these esti- 
mates with theory are given in Table 3.4. 

It is evident that none of these models is capable of ex- 
plaining the predominance of protons among secondary 
particles in o, stars. It may be noted that the number of 
a particles obtained from the Fermi gas model with kT = 
9 MeV is in good agreement with experiment. Fig. 3.4 
shows the spectrum of a particles calculated by Ishii. It 
is evident that the spectrum obtained using the Fermi gas 
model with kT = 9 MeV (curve III) is in good agreement 


Table 3.4 


F (p) 


Number of emitted particles, % 


Nucleon momentum distribution 
in the nucleus a particles Protons 


Chew-Goldberger 

Fermi gas (AT = 0) 
Fermi gas (AT = 9 MeV) 
Experiment 
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with the experimental a-particle spectrum, but there is a 
considerable discrepancy in the case of the proton spectrum, 
Singer [20] has attempted to explain the experimental data 
on the number of protons in o, stars by postulating the 
existence of nucleon clusters on the nuclear surface. 


3.3 NUCLEAR y RAYS FROM u` CAPTURE 


There is a lack of experimental data on y rays from neg- 
ative-muon capture. They appear to have been observed for 
the first time by Chang [26], who studied cosmic-ray neg- 
ative muons stopping in thin lead plates placed in a Wilson 
cloud chamber. He showed that about three y rays with en- 
ergies between 1 and 3 MeV were emitted per negative- 
muon capture in lead. Part of this radiation was due to X 
rays produced as a result of cascade wp transitions in the 
mesonic lead atom, but the remainder was due to the re- 
laxation of the excited nucleus after u capture. The same 
conclusion was reached by Harris and Shanley [27], who 
performed a similar experiment using aWilson cloud cham- 
ber containing thin lead foils situated in a magnetic field. 
Sens [28] separated the mesonic-atom emission of lead 
from nuclear y rays by measuring their time distribution: 
mesonic-atom X rays are produced immediately after w 
capture, whereas y rays from the excited nucleus exhibit 
an exponential distribution which is determined by the u`- 
capture probability in lead nuclei. Sens obtained the distribu- 
tion in Fig. 3.7, which clearly shows the ‘prompt’ emission 
of the mesonic atom and the nuclear y-ray emission for 
which the mean lifetime was found to be t = 72+ 10 nsec. 
This result is in agreement to within the experimental error 
with data on decay electrons from stopping negative muons 
in lead. Sens’ data show that the y rays constitute about 50% 
of the mesonic X rays. There are 6-7 mesonic photons with 
energies greater than or approximately equal to 350 keV per 
u` -capture in lead, and this estimate therefore yields about 
three y rays of this energy per ,-capture in lead. 

We note that y rays and neutrons emitted by nuclei ex- 
cited as a result of » capture may be used as indicators 
of the disappearance of negative muons. This method is 
particularly convenient for heavy elements where the u - 
capture probability is much greater than the p -decay pro- 
bability (See Section 3,6), 
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3.4 THEORETICAL CONCLUSIONS 


3.4.1 Hamiltonian for the four-fermion process 1+p>n+y 


In the preceding sections of this chapter we have reviewed 
data on the nature of nuclear reactions occurring as a re- 
sult of u` capture. These data were foundtobe in qualitative 
agreement with the hypothesis that the primary interaction 
of the negative muon with nuclear matter is 

a a ce ae | a ta 
In the succeeding sections we shall be concerned with many 
phenomena resulting from nuclear u` capture. It isimport- 
ant, however, to note that currently available data on u 
capture by protons and complex nuclei are insufficient to 
enable the Hamiltonian for the basic process (3.1) to be de- 
duced from them. The reason for this is that the phenomena 
occurring within the nucleus are very complicated. It is, 
however, possible to carry out a more modest programme: 
starting with the universal Fermi interaction, we can write 
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Fig. 3.7 Integral decay curve (Sens) . 
The number of photons is plotted as 
a function of the delay between the 
stoppage of the negative muon in 
in the absorber and the appearance 
of the photons 
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down the Hamiltonian for this process by analogy with the 
Hamiltonian for nuclear B decay, and then consider all the 
possible consequences of this Hamiltonian. Comparison 
with experimental data can then be used to verify the as- 
sumed interaction. 

It was shown in the chapter on muon decay that the decay 
process could be described by the Hamiltonian 


H =g (PuYo (ayri) (hyp (1 -+ Y5) ipe) (3.3) 


which is a mixture of the vector and axial~vector interac- 
tions with equal and opposite real coupling constants (gy = 
— 8a = 8). The same interaction was found to be capable 
of describing all the experimental data on nuclear ß decay 
for which the prototype is the decay of the neutron 


n> pte+tyv (3.4) 
or the A-capture process 
ptewracty (3.4a) 


The Hamiltonian for these interactions is 


FI = g (WnVo (1 — X¥5) Pp) (PvYo (1 + Ys) We) 


where x = ga/gy is the ratio of the coupling constants. In 
the case of the Hamiltonian for p —e decay written above 
this ratio is x= -1. Nuclear p decay involves a complica- 
tion connected with the fact that only the vector coupling 
constant retains the value which it had in the muon decay, 
whilst the effective axial-vector constant is greater so that 
ga = xgv, Where x + - 1.21. 

This change in the axial-vector coupling constant is con- 
nected with the renormalization of the weak interaction (3.4), 
which is due to the fact that strongly interacting particles 
participate in nuclear B decay. This is distinct from muon 
decay, in which strongly interacting particles do not parti- 
cipate, and there are no effects connected with strong 
interactions. 

If the four-fermion interaction is in fact universal, then 
negative-muon capture by a proton should be described by 
the same Hamiltonian as (3.4a), except that the wave func- 
tion for the electron should be replaced by the muon wave 
function. We then have 


H =g (Ph Yo (1 — xys) Pp) (PY (1 + Ys) Yu) (3.3) 
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The energy released in nuclear B decay is of the order of 
1 MeV. For example, the energy liberated in the decay of 
the neutron 


n>optetv 


is only 0.79 MeV, whilst the maximum energy released in 
nuclear B decay does not exceed 10-11 MeV. The energy 
liberated in p capture by a proton is about 100 MeV. In 
these circumstances, strong-interaction effects such as 
virtual-pion exchange between proton and neutron in the 
reaction (3.1) become important. These effects have been 
estimated by Harris and Shanley [27] and by Wolfenstein 
[30]. They showed that when virtual-pion exchange is taken 
into account, the change in the vector and axial-vector coup- 
ling constants in the reaction y + p> n + v, is small by 
comparison with B decay and may be neglected. However, 
virtual-pion exchange leads to the appearance of a large 
pseudoscalar interaction constant which is given by 


gp > 8g 4 (3.6) 


The Hamiltonian is further complicated by the hypothesis 
of the conservation of vector current suggested by Gershtein 
and Zel’dovich [31] and by Feynman et al. [32]. Gell-Mann 
has shown that this hypothesis gives rise to the appearance 
of an additional ‘weak-magnetism’ constant which is pro- 
portional to the difference between the anomalous magnetic 
moments of the proton and the deuteron (u,—pn=3.7 
nuclear magnetons): 


gm = gv (Lp — Un) (3.7) 


The appearance of these additional constants means that 

the Hamiltonian for the reaction w + p —> n +v is deter- 

mined by the following effective coupling constants: 
effective vector constant 


Gy & gy (1+v/2M) 
effective pseudoscalar constant 
Vv 
Ga © ga — | + up — Un) — (3.8) 
A £a— By ( Up—p la 
effective pseudescalar constant 


p ~lgp—ga—ev(l+u, Oey 
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where v is the energy carried off by the neutrino and M 
the nucleon mass. The effective coupling constant determin- 
ing the probability of the Fermi (0 — 0) transition is given 
by 


Gh = Gy (3.9) 


Finally, the effective Gamow-Teller constant determining 
the probability of | AZ| = £ 1 or 0 transitions (but not (0 — 0) 
transitions) is given by 


2 


9 9 l 
Gg-r = Caa =n Gp Ga (3.10) 


3.4.2 Probability of w capture by a proton 


Let us now consider Primakoff’s calculations [33] of the 
probability of u` capture by a proton in the reaction w + p 
—>n-+v using a Hamiltonian with the above coupling con- 
stants, and then compare these results with experiment. In 
the » -capture reaction, the proton with spin 1/2 is trans- 
formed into a neutron with the same spin, and we have an 
instance of the transition |A/| = 0, which is a mixed Fermi 
and Gamov-Teller transition. Its analogue in nuclear p decay 
is electron capture (p + e —> n + ~v )and neutron decay (n— p 
+ € — v). The probability of the latter processes is deter- 
mined by the effective weak-interaction constant for the 
mixed Fermi and Gamow-Teller transitions in ĝ decay: 
g = gy + 3ga. 

Primakoff obtained the following expression for the 
probability of negative-muon capture from the K shell of a 
mesonic atom: 


—4 
aap= aani) (3.11) 


p 


where m, and m, are the masses of the negative muon and 
proton respectively, and v = 0.94 is the momentum com- 
municated to the neutrino in the reaction hw + p—>n-+vin 
units of myc. The coefficient of A (1,1) is therefore 


—4 
(1+ | = 0.58 (3.12) 
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The quantity A (1,1) itself was shown by Primakoff to be 
given by 


| l mec 
Aee (3.13) 
(40 on? 137R" 


where g is the effective weak-interaction coupling constant 
for the reaction n>p+t+e-+v as given above, and R the 
ratio of the effective coupling constant forthe reaction w` + 
p>n+t+v,i.e. @ = Gi + 3G6-r, to g: 


_ Ge +3GG—r (3.14) 


a oe - - MM 


PEETA 


The ratio R determines the correction due to the replace- 
ment of the ordinary weak-interaction constants obtained 
from neutron-decay data by the meson weak-interaction 
constants (3.8). This correction does not exceed 10%. For 
example, if w + p— n+ v is described by all the coupling 
constants in (3.8), then R = 1.06. If terms corresponding 
to ‘weak magnetism’ are absent, then R = 0.9, whilst in 
the absence of both additional terms R = 1. 

These three hypotheses which we have denoted by A, B, 
and C yield the following values for A (H}): 


Table 3.5 


Hamiltonian (cf. Equation (3.8)) | sec™* 


A ‘weak magnetism’ + pseudo- 


scalar constant 169 
B ‘weak magnetism’ absent 141 
C ‘weak magnetism’ and pseudo- 

scalar constant absent 158 


3.4.3 Spin dependence of the V-A interaction 


A characteristic feature of the V — A interaction is the 
fact that it is very dependent on the mutual orientation of 
the spins of the interacting particles. Consider, for example, 
capture by the proton in the hydrogen mesonic atom, This 
can occur from the two hyperfine-structure states ofthe me- 
sonic atom corresponding to the singlet and triplet spin 
states in which the proton and muon spins S, and S, are 
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either antiparallel or parallel. In the former case, the re- 
sultant spin is zero and in the latter it is one. In the V— A 
theory, where gy = — ga, the capture probability in the tri- 
plet state for which Sp + Są = 1 is zero (A, = 0), but the 
capture probability in the singlet state is finite. When the 
additional terms in the interaction Hamiltonian (3.8) are 
taken into account, the capture probability from the triplet 
state is found to be finite but is still much less than A_. 
Thus, Primakoff’s calculations yield 


A= 13 seci, A_ = 636 sec’! (3.15) 


i.e. for hypothesis A in Table 3.5, the capture probability 
from the singlet state is approximately 50 times greater 
than that from the triplet state. We note that the quantity 
A (Hi), which is the u`-capture probability for a proton, 
is equal to the weighted mean of A and A_: 


l 


A (H}) = ie A = 169 sec“! 


3.5 p7 CAPTURE IN HYDROGEN 


In the experiment considered in Chapter 1, Hildebrand 
found the following value for the pu`-capture probability in 
hydrogen 


A = 434 + 100 sec“ 


A similar experiment has been carried out by Bertolini et 
al. [34]. at CERN. They found that 


A = 420+ 75 sec“! 


If we combine these two results which are clearly in good 
agreement, we obtain 


A =425+60 sec”! 


Another method of studying u` capture in liquid hydrogen 
has been used by Bleser et al. [35], who employed counter 
techniques and detected neutrons emitted more than l u sec 
after the muon came to rest. This experiment will be dis- 
cussed in detail in Chapter 5. With this method of measure- 
ment, neutrons are recorded from ` captures occurring 
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mainly in the mesonic molecule (pup). The probability of 
this capture was found to be 


A = (515 + 85) sec” 


Direct comparison of experimental results on u` capture 
in liquid hydrogen with theoretical predictions is difficult 
because the negative muon may exist following capture in 
hydrogen either in the form of the (pu) mesonic atom or in 
the form of the (pup) molecule, The u -capture probability 
for the mesonic atom is quite different from that for the 
mesonic molecule, since in the mesonic atom the negative 
muon may be captured by only one proton whereas in the 
mesonic molecule it may be captured by either of the two 
protons. In both cases, the capture probability is very de- 
pendent on the spin states of the interacting particles. The 
results described above can only be interpreted if the fol- 
lowing information is available: 

1. The relative proportion of time which the muon stop- 

ping in liquid hydrogen spends in the mesonic atom 
(pu) and in the mesonic molecule (pup). 

2. The population of the different spin orientations of the 
muon and the proton (S = S, + S,=0 or 1) in the 
mesonic atom and the mesonic molecule. 

3. The probability of finding the negative muon at the point 
occupied by a proton in the two systems under 
consider ation. 

These problems have been subjected to detailed theoret- 
ical analysis by Zel’dovich and Gershtein [36], Gershtein 
[37], Weinberg [38], Cohen et al. [39], Skyrme [40], Jackson 
[41] and others, and their results may be summarized 
briefly as follows. The negative muon in the mesonic atom 
(u p)can exist in two hyperfine-structure states (S = Sa H Sn 
= 0 or 1) which differ in energy by 0.04 eV. However, owing 
to the Gershtein-Zel’dovich mechanism, the triplet state, 
in which the w -capture probability is small will convert 
rapidly to the singlet state in which the probability is high. 
The reason for this conversion is that a neutral (up) atom 
in the triplet state may exchange its protonfor another with 
opposite spin direction as a result of collisions with hydro- 
gen atoms and molecules, and may thus find itself ina 
lower energy state. The probability of this conversion de- 
pends on the concentration of protons participating in these 
collisions. In liquid hydrogen, the half-life of the triplet 
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state does not exceed approximately 0.01% of the negative- 
muon half-life and, owing to this conversion, practically all 
(up) atoms produced in w capture are found to be in the 
singlet state. The ratio of the number of mesonic molecules 
to the number of mesonic atoms has been considered by 
Cohen et al. [39], who showed that 


N (ppp) 


>] 
N (pp) 


which is explained by the fact that the reaction 
(pu) + (pep) > Pup) + e 


in which the liberated energy is about 124 eV, occurs with 
high probability. For example, in chemically and isotopic- 
ally pure liquid hydrogen, about 95% of the captured muons 
are in the (pup) molecule [39]. This molecule can exist 
either in the ortho-state, in which the proton spins are all 
parallel, or in the para-state, in which they are antiparallel. 
Calculations show that, as a result of collisions, the para- 
mesonic molecules are converted into ortho-molecules in a 
time of about one-tenth of the muon half-life. Owing to this 
rapid para-ortho conversion, it is the ortho-state which is 
important for the ultimate fate of thenegative muon captured 
in liquid hydrogen. We thus see that the singlet state (Sp + S,, 
— 0) is important in the mesonic atom, whilst in the mesonic 
molecule the important state is the ortho-state of the two 
protons (Spi + Sp: = 1). The p-capture probability in these 
two states of the mesonic atom and mesonic molecule does 
not differ by more than a factor of 2, and since the relative 
number of mesonic atoms is small, the number of (pu) atoms 
may not be of great practical importance. 

In the ortho-mesonic molecule in which the spins of the 
two protons are parallel, the negative muon canbe either in 
the S = 1-1/2 = 1/2 state or the S = 1 +1/2 = 3/2 state, 
and it is necessary to know the p` -capture probability for 
both of these states. Primakoff has shown that in the S = 
1/2 state the capture probability is 


I 3 o] 
n(g)=2m($4-- 44] = 


\ 
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whilst in the S = 3/2 state itis 


3 
16 = 2y A+ (3.17) 


where A. and Ax are the w -capture probabilities in the 
singlet and triplet states of the mesonic atom respectively, 
and y, is the ratio of the probabilities of finding the neg- 
ative muon at the point occupied by the proton of the ortho- 
mesonic molecule and the mesonic atom. 

In the para-mesonic molecule 


ra | 3 
Nuy =2y,(fA-+ 344) (3.18) 


where y, is defined as above, except that here it refers to 
the para-molecule. Weinberg’s calculations [38] yield 


yo = 1.165, yp = 1,308 


If we neglect the probability of finding the negative muon in 
the para~molecule, we find that the total u -capture prob- 
ability is 


Aw Abo EA (+) HA (=) (3.19) 


where € determines the probability of finding the negative 
muon in the S = 1/2 state, whilst (1 — &) determines the 
probability of finding it in the S = 3/2 state. Since A, & A_ 
we have 


ASEA (3.20) 


The parameter § is determined by the populations of the 
various w spin states in the mesonic molecule. Weinberg 
has shown that it must lie within the range 1/2 < $ < 1, 
so that, subject to the above simplifications, the expected 
value of the pu -capture probability in liquid hydrogen lies 
within the range 3/4A-y <A < 2 x 3/4A-y. When this is 
referred to a single proton it is found that the u` -capture 
probability lies within the range A = (300-600) sec ~`?. The 
above experimental data for the pu -capture probability in 
liquid hydrogen are in agreement with this estimate, Meso- 
molecular phenomena are too complex to enable us, at 
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present, to extract from experimental data all the inform- 
ation about the interaction between the negative muon and 
the proton which they contain. It may be expected that with 
increasing experimental accuracy it will be possible to de- 
termine the effective Fermi weak-interaction constant for 
the capture reaction np +p ->n +v directly from experiment. 


3.6 TRANSITION OF NUCLEI TO DEFINITE 
STATES ON u“ CAPTURE 


In the u -capture reaction 
u + N+ N*+ 4 


the final nucleus N* may be in one of a large number of 
excited states, and in order to compare experimental data 
and theory it is necessary to know the matrix elements for 
transitions from the ground state of the original nucleus NV 
to all the energetically accessible states of the nucleus N*, 
This problem can only be solved for a particular nuclear 
model. Therefore capture reactions in which the nucleus 
N* is found in a definite state, from which it then returns 
to the ground state through p decay, are of particular in- 
terest. The matrix element for the 6 transition is usually 
known and, when this is so, the experimental problem of 
comparing the interaction constants in muon capture and in 
8 decay can be reduced to the comparison of the direct and 
reverse transition probabilities. This situation occurs, for 
example, in w capture by He’, Lif and C” nuclei, leading 
to the formation of H?, He® and B”? respectively, in the 
ground state. These nuclei return to the ground states of 
the original nuclei through B decay. These reactions are 
summarized in Table 3.6. 

All these transitions occur without change of parity and 
the last two are pure Gamow-Teller transitions. The He’ 
and H? nuclei do not have excited states. The nuclear-level 
schemes for the Lif Hef and C! 2 B!” transitions are 
shown in Figs. 3.8 and 3.9, from which it is evident that 
the first excited states of He? and B! lie at a considerable 
distance from the ground state (1.7 MeV and 0.99 MeV in 
He? and B? respectively). Since the excitation energy re- 
ceived by the nucleus in muon capture is small and of the 
order of 5 MeV, the probability of4} capture to the ground 
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Table 3.6 


Spin 
and 


rit 
Negative-muon ema 


B-decay reaction AJ ition 
Capture reaction 


Trans- 


u + Hel>Hi +v H>H +e +7 W | 4 0 | Mixed 
u` + Lif>Hef +v | Hefo Liĵ+e +v 1t | ot | —1 amon 
eller 
u +O RB +w B C +e tv ot 17 1 Gamow- 
Teller 


state of the product nucleus is appreciably greater than the 
probability of capture to excited states. 

The first calculations of the transition probability of w 
capture from the ground state of C™ to the ground state of 
B® were carried out by Godfrey [42]. Fujii and Primakoff 
[43] found that the ratio of the transition probability from 
the state N(a) to the state N*(b) in w capture 


u- N (a) > N*(b) + v 

to the probability of the reverse transition in Bp decay. 
N*(b) > N (a) +e -+y 

is given by 


T (Noa) a 37) Fe 


2l + 1l | MES. (b—> a)i“ 


AF (a—> b) = | 


! Z°my lgl i ME nuci (a—> b)|° 
AË? (b—> a) 


(3.21) 


In this formula nsa © Voa/My is the ratio of the energy of the 
neutrino from the p` -capture reaction to the rest energy of 
the negative muon, Z is the nuclear charge of a, la and J, 


are the spins of nuclei a and b, and the function j,, is 
defined by 


(Ze)max 


fva = \ Fua (Z, E.) (Ese) E, (E5— 1)" dE, 


t 


where £, is the total energy of the decay electron in the 
ee a transition and fy, is the Fermi functionfor this tran- 
sition, The quantities denoted by ME in Equation (3.21) are 
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Fig. 3.8 Lower levels of Hes 
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Fig. 3.9 Nuclear levels of B}? and C” 


the matrix elements for nuclear transitions. The matrix 
element 


Mi uc (a—> b) j 


is proportional to the square of the effective muon weak- 
interaction constant Gj for the a — b transition, whilst the 
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matrix element for the reverse transition in B decay 
| M8(b — a) |? 


is proportional to the square of the effective -decay weak- 
interaction constant gj. Comparison of these constants can 
be made by comparing the direct and reverse transition 
probabilities A! (a —>b) and AP (b—a). 


3.7 MEASUREMENTS OF THE EFFECTIVE CONSTANT FOR 
THE MIXED TRANSITION (4* > 4*) IN p> CAPTURE 


The reaction (cf. Table 3.6) 
u` + Hef > H} -Hy 


involves a mixed transition whose probability is determined 
by the sum of squares of the Fermi and Gamow-Teller con- 
stants 


G = Gp+3G¢-r (3.22) 


In Chapter 1 we considered the experiment of Zaimidoroga 
et al. [42], who measured the p~-capture probability for He? 
nuclei. He found that the capture probability was 


A = (1.41 = 0.14)-108 sec”! 


This experiment is of particular interest for two reasons. 
Firstly, there is no ambiguity in the interpretation of the 
results since all captures occur from the two hyperfine- 
structure states of the helium mesonic atom. Secondly, the 
capture probability can in this case becalculated accurately 
if the coupling constants are known. The accuracy of these 
calculations appears to be in the region of 5%. They have 
been performed by Fujii and Primakoff [43], Werntz [44] 
and Fujii [45]. Their results are summarized in Table 3.7, 
from which it is evident that the u` -capture probability in 
He? is a function of the nuclear radius R. The experiments 
of Hoffstadter et al. have shown that the largest of the three 
nuclear radii is the most probable. It follows that the experi- 
mental data are in good agreement with the expected capture 
probability given in Table 3.7. It may therefore be concluded 
that experiment confirms the magnitude of the squareof the 
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effective coupling constant 
G° -= Gp +3 Gg_r 


obtained from the assumed interaction Hamiltonian (3.8) to 
within 10%. This experiment does not, of course, yield sep- 
arately the values of the squares of the two coupling con- 
stants Gr and Gé_r. 


3.8 DETERMINATION OF THE EFFECTIVE CONSTANT FOR 
THE GAMOW-TELLER TRANSITION IN u“ CAPTURE 


The last two transitions in Table 3.6, in which the spin 
changes by 1 and there is no change of parity, are pure 
Gamow-~Teller transitions, whose probability is determined 
by the effective coupling constant 


] 2 
S Ga + -y Gp —z Gr Ga (3.23) 


This probability is independent, to within terms of order 
(v/m)*, of the axial-vector coupling constant and a compar- 
ison of the probability of these transitions with the probab- 
ilities of the reverse £ transitions enables us to compare 
the axial-vector coupling constants in muon capture and ß 
decay. An experiment with Lif has not been performed as 
yet because of considerable experimental difficulties. Neg- 
ative~muon capture by C31? nuclei was first investigated by 


Table 3.7 
Assumed 
Muon 
nuclear 
Reference absorption 
radius la 
probability 
[45] 1.5 1.66 x 10° sec” 
[44] 1.56 1.56 x 10" seo” 
[43] 1.78 1.46 x 10° sec” 


Godfrey [42]. w capture by C” (cf. Fig. 3.9) leads to the 
formation of a B®” nucleus in either the ground or an ex- 
cited state in accordance with the schemes 


wo + CP — B -y 
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un C2 > BR wy 
Bt —> B+ y 


uo + C —> BU +n ty 
u7- Cl? —> BY + 2n +v 


and so on. Captures to the ground or excited states of B” 
can be identified experimentally by the subsequent decay of 
B'? to the ground state of C?!?; 


B2 —> C2 +e tv 


In Godfrey’s experiment, slow cosmic-ray negative muons 
were brought to rest in an organic liquid scintillator having 
a volume of about 1.3 litres, and an oscilloscope was used 
to display two types of pulses following the arrival of stop- 
ping negative muons: pulses from electrons originating in 
u —e decays characterized by a mean life of 2 usec, and 
pulses from the 6 decay of B? whose half-life is about 39 
usec. This experiment has been repeated by a number of 
groups using counter techniques with muon beams from 
accelerators (Burgman et al. [46], Love et al. [47], Bloch 
[48] and Maier et al. [49]). Fetkovich et al. [50] have deter- 
mined the probability of the reaction w+ C — B +v~ 
using a propane bubble chamber. The experiment was 
improved and repeated by Argo et al. [51] using cosmic 
radiation as a source of slow negative muons. 

Argo et al. also estimated the number of negative-muon 
captures leading to the formation of B! by measuring the 
number of y rays with energies greater than0.5 MeV which 
accompanied # capture. It was found that only about 10% 
of all interactions led to the formation of an excited B”? 
nucleus (arrow 2 in Fig. 3.9). 

Among accelerator experiments, we shall consider the 
measurements of Maier et al. [49]. The apparatus is illus- 
trated in Fig. 3.10. The 45-MeV negative-muon beam, which 
had a pion contamination of about 1/3%, was brought to rest 
in the scintillation counter 5 (10 x 10 x 5 cm’), The number 
of negative muons decaying in 5 was determined by counting 
the number of decay electrons, and the number of pw cap- 
tures in carbon leading to the formation of excited B £ nuclei 
was found by detecting the B-decay electrons from these 
nuclei (also in counter 5). Counters 3 and 4 which completely 
surrounded counter 5 were used as a cosmic-ray shield and 
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Fig. 3.10 The experiment of 
Maier [49]. Stopping negative 
muons are indicated by 1,2,5,4 
coincidences, electrons from 
-e decays by counter 5, elec- 
trons from B** decays by 5,3,4 
coincidences; counters 3 and 4 
surround counter 5 in which the 
negative muons come to rest and 
B*? nuclei are formed 
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were connected in anti-coincidence with counter 5. Theiron 
screen around counter 5 was 7-mm thick and shielded the 
anti-coincidence counters 3, 4 from electrons originating 
in counter 5 from B decays of B™. The principal aim of 
this experiment was to determine the decay curves u — e 
decay and the £ decay of B”, and to verify experimentally 
the absence of other ĝ activity induced by the meson beam, 
The transition probability A (C? —> B?) was found to be 


A = (7.01 + 0.27)-10% sec! 


After the introduction of a 10% correction to allow for the 
fact that some of the transitions occurred to excited states 
of B®, the final transition probability was found to be 


A (C2 > Bt) = (6.31 + 0.24)-103 sec”! 


It is also interesting to consider the experiments of 
Fetkovich et al. [50], in which the reaction p+ CE —>B!2-5 y 
and the subsequent decay of B! nuclei were recorded by an 
ingenious method involving time-delayed photography of 
tracks in a propane bubble chamber exposed to a negative- 
muon beam. The sensitive time of the chamber was about 
20 msec and the pressure was released immediately after 
the accelerator pulse. The bubble chamber was photographed 
twice: immediately after the pulse in order to determine 
whether or not the negative muon stopping in the chamber 
decayed, and again after 15 msec in order to record the 
slow electron from the decay of B'’. The volume was dis- 
placed slightly during the lo-msec interval so that in the 
case of the decay of B! the photographs showed two identi- 
cal and parallel negative-muon tracks and the track of the 
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decay electron between the ends of these tracks. The num- 
bers of u` and B® decays were counted simultaneously. In all, 
46 B?!? decays were observed and the transition probability 
A (C2 > BY) was calculated to be (7.6 + 1.2) x 10° sec". 

The probabilities A (C? > B!) obtained by different work- 
ers are summarized in Table 3.8. 

The capture probabilities given in Table 3.8 have been 
reduced by 10% in order to correct for transitions to the 
excited states of B!?. It is evident that the results of Burg- 
man et al. and Argo et al. are much higher than the other 
data, and may have been subject to some systematic error. 
This is quite possible in view of difficulties associated with 
absolute measurements of this kind, especially when they 
are carried out with cosmic rays. The other results are in 
good agreement with each other. 

Let us now consider the theoretical estimates of the pro- 
bability of the reaction u“ + C? — B! +v which have been 
performed by Wolfenstein [52], Morita and Fujii [53] and 
Fujii and Primakoff [54]. All of these calculations were 
based on the interaction Hamiltonian considered above, i.e. 
it was assumed that the Hamiltonian consisted of three 
parts - the first representing the V — A interaction, the 
second the induced pseudoscalar interaction and the third 
the interaction due to the ‘weak magnetism’ of Gell-Mann 
and Feynman. The results of these calculations are sum- 
marized in Table 3.9. The shell model with J — J coupling 
was assumed to obtain the matrix elements for the B? — C" 
transitions. 

Wolfenstein has estimated that the uncertainties in these 
calculations are about 20%, and the estimates given in the 
table are virtually indistinguishable to within this accuracy. 

It is evident from the transition probabilities estimated 
above that it is impossible to decide experimentally between 


Table 3.8 


Source of mesons 


Cosmic rays 
Accelerator 
Cosmic rays 


Accelerator 
99 
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Table 3,9 


Assumed 
interaction 
Hamiltonian 


Calculated probability 
for the C!? + u> B? +v 
transition (A x 10° sec `’) 


‘Weak 


T I 
magnetism 


A Present 7.41.6 7.86 
B Absent 5.9+1.2 6.34 
C Absent TEIS = 


I — Wolfenstein [52] — including relativistic corrections for the 
neutrino wave function, d wave included; II — Morita and Fujii 
[53] — including relativistic corrections; III — Fujii and Prima- 
koff [54] — without relativistic terms in the Hamiltonian 


hypotheses A and C, since the calculated transition proba- 
bilities for these two variants do not differ by more than 
1.5%. We shall therefore confine our attention to the com- 
parison of the most accurate experimental result 


A = (6.31 + 0.24). 10? sec’! 
with the expected probability for hypothesis A 


A = (7.4 + 1.6). 108 sec”! 


As can be seen, these data agree to within the estimated 
errors. It may therefore be considered that the above ex- 
periments confirm the equality of the effective axial-vector 
interaction constants for B decay and negative-muon cap- 
ture, 1.e. 

| 6-7 |= | gaa? 
but only to within 20%. The accuracy of theoretical and 
experimental estimates of capture probabilities is insuffi- 
cient to indicate the influence of the additional interaction 
constants. 

Knowing the constant G? = Gj + 3G¢-r from py capture 
in He?, and the constant G-r from p capture in C", itis 
possible to estimate the magnitude of the Fermi constant, 
Gr, in negative-muon capture. Using Maier’s data for the 
u -capture probability in C?!?? (Table 3.8), it is found that 
Gy | = 0.8t0:$ | Gc-r|. The two coupling constants are there- 
fore equal, as predicted by the Hamiltonian (3.8), but the 
experimental accuracy is not high. 
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3.9 MEASUREMENTS OF THE TOTAL „ -CAPTURE PROBABILITY 


3.9.1 Capture time for negative muons 


The principal method of determining the u -capture pro- 
bability for stopping muons is to compare the mean lifetimes 
of negative and positive muons. A negative muon in the K 
shell of a mesonic atom can either decay or be captured by 
the nucleus, and the total probability that it will disappear 
as a result of the two processes is equal to the sum of the 
decay and capture probabilities, Ag and Ae: 


a. Aa + A. (3.24) 


If t is the mean negative-muon lifetime in the K shell and 
Aa is the muon-decay probability we have 


w= Muth (3.25) 


and the determination of the total capture probability A, 
from the K shell reduces to the measurement of negative- 
muon lifetime t in this shell and the decay probability Ag. 
It is usually assumed that the decay probability for a muon 
in the K shell of the mesonic atom is the same as the decay 


probability for a free positive muon, i.e. Ag = a where To 
0 


is the lifetime of a free muon. In reality the decay proba- 
bilities are not equal (cf. Section 3.11), butthe difference is 
small and has very little effect on A.: 


ee (3.26) 


which is obtained on the assumption that A, (Z) =>. 
0 


To identify 1/t with the total probability for the disap- 
pearance of the muon through decay and capture processes, 
it is necessary that the time spent by the negative muon in 
cascade transitions from distant orbits to the K orbit of the 
mesonic atom should be small in comparison with t, Which 
lies between approximately 2 usec (light mesonic atoms) 
and 0.08 usec (heavy mesonic atoms). A calculation of the 
time necessary for the negative muon to approach the nu- 
cleus was first performed by Fermi and Teller [55] in 
connection with the experiments of Conversi, Pancini and 
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Piccioni. This calculation shows that the total time for the 
muon to be slowed down from a velocity of the order of 
the velocity valence electrons (muon energy ~ 2 keV) until 
it reaches the mesonic K shell is 9 x 10° sec for carbon 
and 6x 10" sec for iron. The negative muon therefore 
spends most of its lifetime in the K shell of the mesonic 
atom, and therefore the \-capture probability from the K 
shell can be accurately identified with the reciprocal of the 
muon lifetime. 

Calculations such as these have been verified for negative 
pions, and there are no reasons to suppose that the result 
will be substantially different for negative muons. For ex- 
ample, Fry and White [56] and Fields et al. [57] observed 
x —p decays in flight in an emulsion and a liquid-hydrogen 
bubble chamber respectively. Since the time of interaction 
between a nucleus and a negative pion in the K shell of the 
mesonic atom is smaller by many orders of magnitude than 
the mean lifetime of the free pion, all the n™—w decays 
occur in flight during the slowing-down process, and the 
ratio of the number of such decays to the total number of 
observed stopping tracks is determined by the ratio of the 
slowing-down time to the mean negative-pion lifetime. The 
velocity of the pion at the instant of decay is determined by 
the kinematics of the decay: the angle between the muon and 
the pion tracks, and the w range. The results obtained by 
Fields et al. [57] may be summarized by saying that a 175- 
keV negative pion, which is being slowed down in liquid 
hydrogen is captured by a nucleus within 3 x 10° sec. This 
result confirms the above conclusion that inall experiments 
in which the negative~muon lifetime has been measured, the 
time taken in cascade transitions to the K shell is negligible. 


3.9.2 Methods of measuring the negative-muon lifetime 


First let us consider the experimental methods used with 
cosmic rays. Here, the slow-muon flux consists ofparticles 
of both signs, and therefore the measured negative-muon 
lifetime is subject toa ‘background’ due to positive-muon de- 
cays. This background is particularly important in the deter- 
mination of the lifetime of negative muons captured in light 
atoms, when it is comparable to the positive-muon lifetime. 

A number of methods have been devised to eliminate this 
effect. Negative and positive muons can be roughly separated 
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with the aid of magnetized iron blocks, by determining the 
sign of the charge with a counter hodoscope system in a mag- 
netic field, or by recording the interactions ofnegative muons 
not by means of decay electrons but by means of neutrons and 
y rays emitted by excited nuclei on p capture. 


a. Separation of negative muons by magnetic 

analysis. 

This method has been used by the Rome group [58, 99]. 
In the first experiments the muons were roughly separated 
by magnetized iron blocks as inthe experiments of Conversi 
et al. In later experiments [60] the sign of the muons was 
determined with a counter hodoscope system (Fig. 3.11). 
Decay electrons from the target were recorded by scintil- 
lation counters S», S; and special electronic circuits were 
used to determine, with the aid of an oscilloscope, the time 
interval between the pulses from counters S, and S, or S, 
and S., which indicated the stopping of a muon and the 
appearance of of a decay electron. Apparatus of this kind, 
incorporating iron blocks of total weight 13 kg, recorded 
about 1.3 decays per hour with a signal-to-background 
ratio of 4. 


b. Separation of negative muons using y rays 

and neutrons from excited nuclei, 

The nuclear uw -capture probability increases rapidly 
with the nuclear charge Z, and for Z ~ 11 it is approxi- 
mately equal to the w~-decay probability, i.e. it approaches 
4.5 x10°sec!,. As Z increases further, the probability is 
found to be proportional to Z‘. For example, when Z= 15 
the negative-muon lifetime is approximately three times 
smaller than the positive-muon lifetime, whilst for Z = 20 
the factor is approximately 7. It follows that even for mod- 
erate values of Z there is a large reduction in the electron 
yield, and it is experimentally more convenient to record 
the rate of interaction of negative muons by recording y 
rays and neutrons emitted by nuclei on w capture. This 
method completely avoids the background due to positive- 
muon decays, since positively charged particles cannot be 
absorbed by the nuclei. First measurements of the neg- 
ative-muon lifetime by this method were carried out by the 
Princeton group (Keuffel et al. [61], Meier and Keuffel [62]). 

These workers measured the lifetime for eight elements 
with atomic numbers between 29 and 82. Fig. 3.12 illustrates 
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M, M’°— magnetized iron blocks; 
Gi, G, G} — rows of hodoscopic 
geiger counters; G, — two rows 
of anti-coincidence counters 


Fig. 3.11 One of the experiments 
of Alber1g1-Quaranta et al. Wem 


the experiment of Meyer and Keuffel [62]. The background of 
correlated particles, which had a considerable effect on the 
early measurements reported in [61], was substantially re- 
duced by means of the counter hodoscope systems G., and 
G3. In Fig. 3.12, S, and S, are liquid scintillation counters. 
Singly charged particles stopping in the target were detect- 
ed by GiS,G, coincidences and S,G, coincidences were pro- 
duced by neutral particles (neutrons or Y rays) which gave 
rise to recoil protons or electrons in the scintillator 5S». 
The time interval between the pulses inS; and Sz was meas- 
ured with the aid of a chronotron similar to that described 
by Neddermeyer et al. [63]. 

In the experiments by the Leeds group (Hillas et al. [64], 
Gilboy and Tennent [65]) the negative-muon lifetime was also 
determined by recording neutrons and y rays from excited 
nuclei. To reduce the background of correlated particles, 
which is particularly high in the initial channels of the time- 
measuring system, these measurements were performed 
10-7 sec after the first pulse. In this way it was possible to 
avoid the use of counter hodoscopes above the apparatus, 
and the thick lead filter employed by the Princeton group. 
The experiment of Hillas et al. [64] is shown in Fig. 3.13 
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Fig. 3.12 The experiment of Meyer and Keuffel. 
S, and S, are liquid scintillators. The broken line 
indicates the position of lead scintillators 1n the 
second version of the experiment 


The pulse from the scintillator 5: was used to produce a 
gating pulse, whilst the pulse from S, was used to cut it 
off. The length of the gating pulse was determined by using 
the leading edge to turn on, and the trailing edge to turn off 
a Stabilized oscillator of known frequency connected to a 
scaler. The lifetime was measured to within 5-6% for ele- 
ments with Z between 24 and 30 (chromium to zinc). This 
apparatus recorded about 25 negative-muon captures per 
hour with a signal-to-noise ratio of 5 and a three-week run 
was necessary to obtain a statistical error of 5%. 

It is also worth recalling the recent experiments of Barrett 
et al. [66] in whichthe interaction of negative muons was de- 
tected by recording y rays or neutrons from excited nuclei. 
This apparatus recorded about seven u -captures per hour, 
Barrett et al. measured the negative-muon lifetime and de- 
cay probability in iron (see Section 3.11). Itis interesting to 
note that a total of 500-hours running time was required in 
this experiment to measure the lifetime of the negative muon 
with an accuracy of 4% ( t= (196 + 8) nsec). Holmstrom and 
Keuffel [67] developed similar apparatus with a considerably 
greater relative aperture, and determined the ratio of the 
decay probability in copper and iron. In this apparatus a 6% 
accuracy in the mean lifetime was achieved in 85 hours, a 
remarkably short time for cosmic-ray measurements, 
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c. Accelerator measurements of negative-muon 

lifetime. 

The most accurate measurements of the negative-muon 
lifetime throughout the periodic table were carried out by 
Sens [68], Sens et al. [69], Yovanovitch et al. [70], Lundy et 
al. [71], Lathrop et al. [72] (Chicago group) and Astbury et 
al. [73, 74] (Liverpool group). 

Fig. 3.14 illustrates some experiments of the Chicago 
group. The negative-muon beam had an initial momentum of 
145 MeV/c, and the composition of the beam as it left the 
synchrocyclotron was: 70% negative pions, 10% negative 
muons and 20% electrons. The muon-to-pion ratio was later 


u m A LL AL 


S, — plastic scintillator; S, — 
liquid scintillator containing a 
cadmium compound and viewed 
by three photomultipliers in 
coincidence 


Fig. 3.13 The experiment of Hillas 
Wem 
et al. eases 
improved from 1:7 to 7:1, i.e. by a factor of nearly 50. The 
negative pions still remaining in the beam were attenuated 
in 28.2 g/cm?of copper. Fig. 3.15 shows the differential range 
spectrum for negative pions and muons in the beam. The 
negative-muon beam prepared in this way was brought to 
rest in a target of the substance under _investigation. 
Stopping negative muons were indicated by 1234 coincidences, 
and the escape of a decay electron from the target by 345 
coincidences. A time-to-amplitude converter was used to 
determine the time interval between the 1234 and 345 pulses. 
This produced an output pulse whose amplitude was propor- 
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T t 
Beam intensity (1, 2) ar ge 


Stopped muon (1234) Cu CH? 
Decay electron (345) 


Beam 


7 ZL 


1—5 scintillation counters 


Fig. 3.14 Measurement of the lifetime of negative 
muons (Sens et al.) 


tional to the time interval between the start and stop pulses. 
The output-pulse amplitudes were measured by a 100- 
channel pulse-height analyser. A similar system was used 
by the Liverpool group. 


3.9.3 Main experimental data 


Table 3.10 summarizes recent accelerator data on nega- 
tive-muon lifetimes, andis partly based on Tennent’s review. 
The table also includes the most accurate results obtained 
with cosmic rays. The first columns give the atomic number 
Z of the target in which the negative muons came to rest, the 
mass number A andthe isotopic excess =a Column 9 gives 


the measured lifetime in nanoseconds, column 7 gives the 


LU 
Muon beam 

vf (145 MeV/c) 
6 
uv 
v 
x 
OM 
o 
Q 
x 
5 
Z 


Mh 


Fig. 3.15 Differential range spec- 
ISN, trum for pions and muons in the 
l US 70 Z5 £0 negative-muon beam used by the 
Inches of copper Chicago group 
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u -capture probability A, (Z) calculated from 
A (2) = Ag (Z) + A, (2) 


where the u` -decay probability was assumed to be 


where Ta is the mean positive-muon lifetime. In calculations 
of A, (Z) it was assumed that A, (Z) = (4.52 + 0.03) x 105 
Sec‘, corresponding to To = 2,22 + 0.02 usec as reported 
by Bell and Hinks (see Chapter 1). 

Fig. 3.16 shows some of the results of Table 3.10 where 
the pp -capture probability A,(Z) is plotted as a function 


M0 
4] 


HW 


5 G 7890 TE 14 020 L5H 40 WW WW £ 


Fig. 3.16 Probability of capture of negative muons by 
different nuclei. Curve 1 shows A,(Z)=Z, and curve 2 
shows A (Z) =Z, ,,°. Open circles represent experimental 
data for which the error was less than the diameter of 
the circles 
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tion of Z on a double logarithmic scale. A,(Z) was taken from 
Table 3.10, and whenever there were a number of values of 
A. (Z) measured with comparable accuracy, the final A, (Z) 
was taken to be the weighted mean of these values. 


3.9.4 -Meson capture probability in carbon 


For elements with low atomic numbers, the nuclear p- 
capture probability is much smaller than the decay proba- 
bility, and the negative-muon lifetime Ty- is very nearly 
equal to the lifetime of a free positive muon. The capture 
probability A, is then given by the difference of two nearly 
equal numbers: 


| oe ene 


Tu- To 


and hence it is difficult to measure accurately. In such cases 
one can use a method involving counting the number of stop- 
ping negative muons which are not accompanied by the ap- 
pearance of decay electrons as in the work of Hildebrand, 
who measured the wu —capture probability in hydrogen and 
tritium (see Chapter 1). Stenard has carried out such meas- 
urements for carbon, using a propane chamber. Among 2334 
u —e decays he found (after correcting forthe x” impurity) 
185 stopping negative muons which were not accompanied 
by decay electrons. This result yields 


_ N; 185 


oF 5954.9 909, 1978 O 0.04) 10° sec” 


which is in good agreement withthe most accurate measure- 
ment of A, from the negative-muon lifetime which was 
performed by Reiter et al. [75] who found A, = (0.373 + 
0.011) x 10° sec! for carbon. 

Similar measurements based on an analysis of 1000 stop- 
ping negative muons in a propane bubble chamber was 
performed by Fields et al. [78]. They found that A, =0.45 x 
10° sec *, which agrees with the w`-capture probabilities 
for carbon given in Table 3.10 to within the limits of the 
experimental error. 
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3.10 THE Z* LAW. PRIMAKOFF’S FORMULA 


It is evident from Table 3.10 and Fig. 3.16 that near 
Z =11-12 the capture probability is approximately equal 
to the decay probability for a free muon: 


A (Z~ IDSA 


Moreover, for low Z, the capture probability is approxi- 
mately proportional to Zł and decreases very rapidly (indi- 
cated by the straight line in Fig. 3.16) As Z increases, the 
measured capture probability departs from this simple law, 
and for heavy nuclei with Z >40, the capture probability 
reaches saturation with a value of about (110-120) x 10° 
sec }, 

The Z? law, which is approximately valid for low Z,isa 
consequence of the fact that the capture probability is pro- 
portional to the number of protons in the nucleus and to the 
density of the negative-muon wave function in the volume 
occupied by the nucleus which is proportional to 2°, 

We shall now consider Primakoff’s calculations of the 
u--capture probability for different nuclei. Primakoff used 
the Hamiltonian based on the V — A interaction withthe add- 
itional constants due to virtual-pion exchange and ‘weak 
magnetism’ given in (3.8), and assumed a homogeneous nu- 
clear matter consisting of Z protons and A — Z neutrons. 
The analysis was based upon the following approximation. 
The capture reaction involving a nucleus consisting of Z pro- 
tons and A — Z neutrons, i.e. 


= Z protons Z—\| protons 
Bae A—Z neutrons } om ee ae La neutrons (280) 


leads to some final state of the nucleus (Z — 1, A— Z + 1) 
and the total interaction probability ^. is obtained by adding 
the squares of the matrix elements of all the energetically 
possible final states. By replacing this summation by a sum- 
mation over all final states without restriction, Primakoff 
obtained the following formula which is valid provided Z is 
not too low: 


(3.28) 


òl — 4 


= Ze A (HD (1 
A, (Z) eff (H4)-¥ 24 


This result relates the nuclear u`-capture probability A, (2) 
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and the ` -capture probability A (H;) of a proton. The quan- 
tity Zerr is the effective nuclear charge and the parameter 
y is defined by (See Equation (3.12)) 


"0.58 
where (n)z.4 is the momentum of the neutrino (in units of 
Vm,c) produced in the nuclearp capture, averaged over all 
the possible states ofthe final nucleus. The parameter ,y re- 
presents the change in phase space for the neutrino in w` cap- 
ture by a complex nucleus in comparison with the phase 
space accessible in pw capture by aproton, This reduction in 
phase space is mainly due to the presence of bound states 
which are occupied by neutrons after the negative-muon 
capture, and to a lesser extent by the effect of nuclear re- 
coil. Primakoff has estimated that (n)z,4~ 0.75. The quantity 
(1 — 6 (A—Z)/2A) is proportional to the neutron excess A — Z 
and represents the reduction in the total muon-capture pro- 
bability by the Pauli principle: the presence of final states 
occupied by neutrons reduces the probability of the reaction 
(3.27). The physical significance of the correlation coeffi- 
cient 6is that it represents the rate of decrease of the pro- 
bability of finding two nucleons with parallel spins near each 
other as they approach. The calculated value of ô is not 
very different from 3, and therefore Pauli’s principle has an 
appreciable effect: for nucleiwith A ~ 2Z it reduces the cap- 
ture cross-section by a factor of approximately 4, and the 
effect is even greater for heavier nuclei, 

The u -capture probability A(H;}) is an average over the 
spin states and its dependence on the weak-interaction con- 
stants was discussed in detail in 3.4.2, where it was shown 
that 


A (Hi) ~ (Gi 4-3 Gh 1) 
where 
Gr = Gy 
and 
= 
ð 


The remaining point which we must consider is the physi- 
cal meaning of Ze, the effective charge of the nucleus. 
This parameter was first introduced by Wheeler [79] who 


9 lL 5 
Ge-r =a +3 Gp— GpG. 
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estimated the nuclear p-capture probability by analogy 
with K capture, The appearance of Zett is connected with the 
finite linear dimensions of the nucleus. As the nuclear 
charge increases, the K shell of the mesonic atom becomes 
closer to the nucleus, and from Z ~ 30 onwards, the meson 
spends an increasing amount of its time actually inside the 
nucleus, It is then no longer possible to represent the 
nucleus as a point charge. Even for relatively low values 
of the charge, the linear dimensions of the nucleus, as 
well as the charge distribution within it, must be taken into 
account in calculating the capture probability. This leads to 
the appearance of the effective charge 


| Q (x). Du (x) d?x 


L ett =N Ay i 


\ | aby (2) Pal 


e’ 


==T000( Q) (3.29) 


where G, is the Bohr radius of the muon orbit, (h?/m,e? ),@ (x) 
the nuclear charge density, Ya the muon wave function and 
(e) represents the mean density of proton charge within the 
volume bounded by the K shell of the mesonic atom. These 
calculations can only be carried out on the basis of a defin- 
ite model. It is clear, however, that for low Z, where the 
linear dimensions of the nucleus are smaller than the radius 
of the K shell, we have Zən — Z, whilst for heavy nuclei, 
where the entire muon orbit lies inside the nucleus, the latter 
tends to behave as aninfinite medium, and an increase in Z 
should not lead to a further increase in the capture proba- 
bility. It follows that for high nuclear charges, the effective 
charge Ze should tend to a constant limit. Wheeler took the 
harmonic oscillator functions for , and assumed that the 
nuclear radius was R= (¢/2m,c?) A3 and m, = 210m... 
Assuming modern values for the muon mass andthe ‘electro- 
magnetic’ values for the nuclear radius, as was done by 
Hillas [80], the expression for Zer becomes 


t 


Z a tm 
A =z|1+(2) | (3.30) 


i.e. for low Z, Zan ~Z and for high Z, Ze — 42. 

The values of Z.-, calculated from this formula are given 
in column 5 of Table 3.10. They were improved somewhat by 
Sens [68] who used electron-scattering data and2P — /[s tran- 
sition energies in muonic atoms to determine nuclear radii 
and nuclear-charge distributions. Sens’ data for the effect- 
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ive charge are given in brackets in column 5 of Table 3.10. 
They are not very different from those obtained from Hillas’ 
formula. 

We thus see that the effective charge Z,,, in Primakoff’s 
formula (3.28) represents the dependence of the capture pro- 
bability on the atomic properties of the mesonic atom; the 
coefficients (n) and 6 represent the dependence on the nu- 
clear properties, whilst A (Hi) is determined by the nature 
of the weak interaction itself. 

Comparison of experimental data on p -capture probab- 
ilities in different nuclei with Primakoff’s formula has been 
carried out by Sens [68] and Telegdi [81]. The former based 
his analysis on his own measurements for 29 elements, 
whilst Telegdi performed a similar analysis but included 
more accurate recent dataon capture probabilities. Fig. 3.17 
shows a comparison of Primakoff’s formula with experi- 
mental data; the quantity A,/(e)is plotted as a function of the 
neutron excess (A—Z)/2A, where A, is the experimental 
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Fig. 3.17 Negative-muon capture probability as a func- 
tion of neutron excess (Sens’ diagram). The straight 
line was found by the method of least squares 


value of the capture probability and (Q) is given by (3.29). We 
see that with a few exceptions, the experimental points lie on 
the straight line. The slope ofthis line yields the correlation 
coefficient 6 in Primakoff’s formula, and the value of A, 
extrapolated to A = Z = 1 gives vA (H!). Sens’ analysis 
yielded 


6 = 3.15, yA (Hj) = 188 sec“! (3.31) 
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whilst Telegdi found that 
6 = 3.13, yA (H!) = 183 sec“! (3.31a) 


These two results are practically identical and, since accor- 
ding to Primakoff’s estimate (see above) y= 0.75°/0.58 x 1, 
it follows that 


A (H!) = 188 sec"! 


Since the theoretically calculated y was only determined to 
within 20-30%, the result obtained for A (H!) is not inconsis- 
tent with the three values of this quantity given in Table 3.5, 
obtained for the three different assumptions about the form 
of the Hamiltonian. These experimental data cannot there- 
fore be used to distinguish between hypotheses A, B and C, 
but they do confirm the presence of the Fermi constant in the 
interaction Hamiltonian. This follows, for example, from the 
analysis given by Telegdi. 


3.11 -DECAY PROBABILITY IN A BOUND STATE 


It is usually assumed in the determination of the nuclear 
u -capture probability from measurements of the mean neg- 
ative-muon lifetime that the decay probability in the K shell 
of the mesonic atom is equal to the decay probability for a 
free muon, i.e. the positive muon in matter. 

In reality there is a difference between the capture probab- 
ility for a free muon and a muonin the K shell of a mesonic 
atom. Firstly, the total energy ofthe bound negative muon is 
less than the total energy of the free positive muon by the 
binding energy of the negative muon inthe K shell of the me- 
sonic atom. Consequently, the phase space accessible to the 
decay particles is reduced, and hence the total decay proba- 
bility is decreased. Secondly, the motion of the negative muon 
in the K orbit gives rise to a relativistic change in the time 
scale, so that its lifetimeinthe laboratory system increases 
(decay probability decreases), just as for a fast cosmic-ray 
muon whose lifetime is measured by an observer at rest. 
Finally, the effect of the nuclear Coulomb fieldon the decay 
electron may infliience the decay probability. 

The above facts modify not only the total decay probabil- 
ity but also the form of the electron energy spectrum pro- 
duced in w — e decays. For example, the orbital motion of 
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the muon in the K shell ofthe mesonic atom leads to a Dopp- 
ler shift in the spectrum of decay electrons. The spectrum 
therefore contains electron energies in excess of the limit- 
ing energy, which in the decay of the free positive muon is 
equal to 52.8 MeV. The nuclear Coulomb field also has an 
effect on the form of the spectrum andimpedes the emission 
of electrons at very low energies. 

Changes in the decay probability and in the shape of the 
electron energy spectrum in w — e decay have been calcu- 
lated by Porter and Primakoff [82], and in greater detail by 
Muto [83]. Following the discovery of non-conservation par- 
ity, such calculations were carried out for the V — A inter- 
action by Gilinsky and Mathews [84], Uberall [85], Terent’ ev 
[86], Huff [87], Krueger et al. [88] and others, 

The reduction in the decay probability due tothe change in 
phase space can be readily estimated because the free-muon 
decay probability is proportional to the fifth power of the 
muon rest energy (cf. Chapter 2): 


Aa (0) ~ (mè) = E; (3.32) 


For a bound negative muon this expression may be replaced 
by 


Na (Z) ~ (Eo — | B|)’ (3.33) 


where B = myc’ (Za)?/2 is the binding energy of the negative 
muon in the K shell. For small Z we have, on expanding and 
retaining the first power of B/fo, 


R =O wip 2) (3.34) 
Aa (0) 137 


where fp = 2.5. When time dilatation is taken into account, ß 
increases to about 3. 

More accurate estimates of the reduction in the decay prob- 
ability led to the same result: the ratio R falls off monoton- 
ically with increasing Z and contains only a term of order 
Z*. Fig. 3.18 shows the form of R (Z)obtained by the workers 
mentioned above. 

From the experimental point of view, the determination of 
the decay probability for a negative muon in the K shell re- 
quires the separation of the second component A, (Z) from 
the total probability A (Z) = A, (Z) + A, (Z). This can be done 
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if we know the ratio 


f(z) nO 
A (Z) 
which is equal to theratio ofthe number of u“ — e decays and 
the total number of negative muons stoppinginthe target Z. 
To obtain f (Z) one must measure the number of decay elec- 
trons Ne leaving the target, the number of negative muons 
N, stopping in the target and the detection efficiency e for 
decay electrons: 


Aa(Z)_ Ne (3.35) 
A(Z) Nye 


[(Z) = 


The efficiency e can be determined by the ‘calibrated ef- 
ficiency’ method used by Lederman and Weinrich [89] and 
Yovanovitch [70]. They used the same target Z to stop neg- 
ative- and positive-muon beams with the same range spec- 
trum, and determined the electron detection efficiency 
from the positronyieldin u+ — c decays in the target, assum- 
ing that the detection efficiency was the same for electrons 
and positrons, In this case e=N7/N,, and substituting into 
(3.35) we have 
NeINy 
NSIN 
In reality, the electron and positron spectra from p — e de- 
cays are different, and therefore the above assumption that 
the detection efficiency is the same for positrons and elec- 
trons is not really valid. However, the error introduced by 
this is not more than a few per cent, provided the nuclei are 
not too heavy. Yovanovitch used this method to determine 
^a (Z) for Z = 6, 20, 22, 23, 26, 27, 28, 30, 53 and 82, and 
Lederman and Weinrich used it to determine Ag (Z) for Z = 
4, 8, 13, 20, 22, 26, 29, 42, and 48. 

Another method of determining A, (Z)is tousea multilayer 
target consisting of a large number of alternating thin plates 
with atomic numbers 2: and Z; respectively, where Z, is a 
material of low atomic number, e.g. carbon, polyethylene 
or aluminium. When the number of thinplates is sufficiently 
high, the electron detection efficiency is the same for both 
high and low Z plates, and 


Aa(Z) =A(Z) (3.36) 


Aa (Z2) _ Ne (Z2) Ny (21) A (Zs) (3.37) 
Ma(Zs)  Ne(Z1) Ny (Z2) A (Zs) 
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The ratio R = Ad(Z,)/Aa(Z:), which is not very different from 
R = Mal) /Ag(0), can be determined if the ratio of stopping 
muons in the two target materials, N,,(Z2)/Ny(Z:), and the 
ratio of decays, Ne (Z2)/ Ne (Z1), are known. The former can 
be determined either from the range-energy relation [74], 
or by direct measurement [70]. Theratio Ne (Z2)/Ne (Z1) may 
be found by extrapolation to ¢ = 0 of the integral decay 
curves, which consist of two time components andare given 
by 


f(t) == Ne (Zi) exp IA; (21) t) + Ne (Za) exp IA; (Z2)t] + B 


where 8 is the constant background. The most accurate 
results obtained for R by the above methods are shown in 
Fig. 3.18. 

Comparison of experimental data with the calculated values 
of R (Fig. 3.18) shows that instead of the monotonic decrease 
in the decay probability for the bound negative muon with 
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A — semi-classical calculations taking into account the 
change in the phase volume and time dilatation for an ex- 
ponential meson wave function; B — same for Gaussian 
wave function; C — calculations allowing only for time di- 
latation with an exponential meson wave function; D — cal- 
culation of Gilinsky and Mathews; E — Huff’s calculations 


Fig. 3.18 A plot of the ratio of the decay probability for a 
bound negative muon and a free muon as a function of the 
nuclear charge Z 
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increasing Z, which follows from (3.34), there is in fact a 
maximum near Z = 26 (iron). 

Possible reasons for this anomaly have recently been dis- 
cussed by Keuffel [90] and Chilton [91], who proposed that it 
is connected with the emission of y rays as a result of the 
nuclear excitation during negative-muon capture. If the ex- 
citation energy is greater than the neutron binding energy, 
the emission of aneutronis moreprobable than the emission 
of y rays. Analysis shows that the emission of y rays with 
energies in excess of 10 MeV has avery low probability, but 
at lower excitation energies, when the emission of a neutron 
is not possible, y-ray emission predominates and several 
y rays may be emitted per capture. Itis very difficult to cal- 
culate the spectrum of y rays produced after negative=muon 
capture, but approximate results may be obtained by consid- 
ering the spectrum of y rays from the nuclear capture of 
thermal neutrons, The mean number of yrays per thermal- 
neutron capture is 2.5-4 for nuclei with intermediate atomic 
weight. This may be regarded as the lower limit for the mean 
number of yrays per negative-muon capture. It may therefore 
be supposed that the observed anomaly near Z = 26 may be 
explained by the detection of y rays from excited nuclei 
instead of decay electrons. Yovanovitch used a thick target 
and an electron telescope consisting of three plastic scin- 
tillators separated by two aluminium plates. The minimum 
electron energy detected by this telescope was 4 MeV.A 
similar arrangement was used by Lederman and Weinrich. 
y rays with energies of 5-10 MeV producing Compton elec- 
trons or pairs either in the target or in the first absorber 
could be recorded as electrons, with an overall detection 
probability of about 1%. Allaby et al.: [92], working on the 
Liverpool synchrocyclotron, used a large Nal crystal to de- 
termine the y-ray spectrum and yield from negative muons 
stopping in iron and zinc targets. They found that to within 
the statistical error, the y-ray spectra and yields from the 
two targets were identical: 0.320 + 0.005 for Fe and 0.285 = 
0.010 for Zn (per negative-muon capture). These results are 
inconsistent with Chilton’s assumption. However, Culligan et 
al. [93] and Ignatenko [94] have recently performed new 
measurements of R for iron with special precautions to re- 
duce the y-ray background. The experiments of Culligan et 
al. are illustrated in Fig. 3.19a. The counter telescope 9,6 
was used to detect electrons from p — e decays in the iron 
target located in a field of 10 000 gauss. A sodium -iodide 
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Fig. 3.19a Determination of the decay probability for neg- 
ative muons stoppiné in iron and of the spectrum of decay 
electrons (Culligan et al.) 


scintillation spectrometer placed behind the electron tele- 
scope was used to measure the energy of the decay elec- 
trons. The distance between counters 1 and2 was about 7 m, 
so that negative muons stopping in the target could be ident- 
ified from the time of flight measured with the aid of the 
telescope 1,2,3. Fig. 3.19b shows the energy spectrum of de- 
cay electrons obtained with this apparatus. The broken 
curve indicates the spectrum expected for p* — e*decays with 
a Michel parameter e = 3/4. 

Clearly, the electron spectrum is substantially different 
from the expected positron spectrum. The reasons for the 
difference have been discussed above. The solid curve which 
is a moderately good representation of the experimental 
points was calculated by Überall for w — e` decays in iron. 


Fe~ 


Fig. 1.19b Spectrum of decay 
electrons from negative muons 
stopping in iron. The solid curve 
gives the theoretical spectrum 
(Uberall) showing the experimental 
‘spread’, while the broken curve 
\ gives the electron spectrum from 

. the decay of free muons (p = 3/4), 
2 3H W@W L 6 again subject to experimental 

Energy, MeV spread 


Intensity, arbitrary units 
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The ratio R obtained in this experiment was 


R = 0.972 + 0.042 


A similar result has been reported by Ignatenko et al. 

It therefore seems probable that the anomaly at Z=26 is 
purely experimental and is connected with the detection of 
y rays from excited iron nuclei. 


3.12 ISOTOPIC EFFECT IN NUCLEAR u” CAPTURE 


Primakoff’s formula for the su -capture probability by 
complex nuclei (3.25) predicts a considerable isotopic ef- 
fect. For example, it predicts that for the chlorine isotopes 


A, (Cl") 


0.78 for 8=3.15 
‘A. (Cl) me 


Physically, this is due tothe fact that each extra neutron re- 
duces the number of negative-muon states which are acces- 
sible after capture, and therefore that an increase inthe 
number of neutrons should reduce the p -capture probability. 
A search for the isotopic effect was made by Bertram et al. 
[76] who used silver chloride. Natural chlorine is a mixture 
of C1? (75.43%) and C1” (24.57%). Bertram et al. used two 
targets, one enriched with Cl* (96.8%) and the other en- 
riched with C1% (76%). The experimentis shownin Fig. 3.20. 


Helmholtz coils 


Negative-muon 


beam (43 MeV) 


Fig. 3.20 Measurement of the isotope effect in the 
negative-muon capture probability in chlorine 
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The beam of 43-MeV negative muons was brought to rest in 
the AgCl target. Stopping negative muons were indicated by 
123 coincidences, and the emission of decay electrons from 
the target by 345 coincidences. The Helmholtz coils were 
used to compensate the external magnetic field of the cyclo- 
tron in the vicinity of the apparatus, thus eliminating the 
sinusoidal modulation of the decay curve due to precession 
of the muon spin. The time distributions were analysed by 
performing a least-squares analysis of the experimental 
data to the formula 


iy AS n At (AB) 


where y, is the number of counts in the r-th channel of the 
system used to measure the lifetime, A,B,C,D are con- 
stants, A, is the probability of disappearance of a negative 
muon and the last terms represent the background due to de- 
cays in scintillator 3 (carbon) and random coincidences. 
A; (C) was taken to be (4.899 + 0.007) x 10° sec `, the result 
obtained by Reiter. The values obtained for A; by this method 
were (cf. Table 3.10) 


A, (35) = (22.54 + 0.52)-10® sec“! 
A, (87) = (17.03 + 0.49)-10° sec"! 


If the decay probability for the free muon is assumed to be 
A= 4,52 x 10° sec’! we obtain the following p-capture pro- 
babilities for the chlorine isotopes: 


A, (35) = (18.02 + 0.49)-10° sec“! 
A, (37) = (12.51 + 0.52)-105 sec"! 


Similar measurements for Cat! and Cat’ have been reported 
by Cramer et al. [77], and for U?8 and U23 by Diaz et al. 
[95]. The results of all three determinations are summarized 
in Table 3.11, which gives the ratio of the muon-capture pro- 
babilities in the heavy and light isotopes. 

It is evident that the experimental data confirm the 
existence of a considerable isotopic effect whose mag- 
nitude is in qualitative agreement with the predictions 
of Primakoff’s theoretical formula (3.28). 
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3.13 EFFECT OF THE HYPERFINE STRUCTURE OF THE 
MESONIC ATOM ON NUCLEAR p` CAPTURE 


It has been pointed out that when a negative muon is cap- 
tured by the proton in the hydrogen mesonic atom (up), the 
capture probability depends on the mutual orientation of the 
spins of the two particles: in thetriplet state of the mesonic 
atom, where the spins are parallel, we have A; = 0, whilst 
in the singlet state, where the spins are antiparallel and the 
total spin of the system is zero, A- = 600 sec”!. Let us now 
consider the calculated wu -capture probability for a proton 
in the most general case, where the Hamiltonian includes 
terms characterized by the Gamow-Teller and Fermi inter- 
action constants. For a ‘pure’ V —A interaction we have 


Gg_r = Ga = —Gy and x = — | 


Ge-T 
where = X. 


F 
The p`-capture probability for a proton in the singlet and 
triplet states of the mesonic atom (w` p) respectively is given 
by 


A- ~ (1 — 3x}, A, ~ (1 + x)? (3.38) 


and the capture probability averagedover the two spin states 
is 


Í 
A=nisA _AL =——[(J/+ 1A TA. 
nyA +n ai +1)Ay4+/A_] 


where n, and n_ arethe populations of the two states and are 
respectively equal to(/+1)/(2/-+1)and //(2/+ 1),where lis 


Table 3.11 The isotope effect 
Muon capture probability 


Isotopes Measured Calcu- 
lated 


orya” 0.69 £0.03 : Calculations based on 
the assumption that the 
correlation coefficient in 
Ca" 70a” 0.71 £0.02 Primakoff’s formula was 
equal to 3.15 


oa oO as 0.88 +£0.07 
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the spin of the proton. It is assumed that the population is 
distributed statistically, i.e. relaxation effects are absent. 
The relative difference in the capture probabilities for the 
two states is therefore given by 


_— AA _ 8x(x—|1 
La twee (3.39) 
A A Ep3 


This parameter is very sensitive to the magnitude and sign 
of the ratio x of the Gamow-Teller and Fermi constants. 
For example, 6, = 0 for x = 1 (V + Ainteraction) and 6, = 
4 for x = -1 (V — A interaction). The strong spin-dependence 
of the elementary process w` + p— n + v leads to the fact 
that nuclear p` capture is very dependent onthe spin states 
of the negative muon and nucleus. 

If the nuclear spin / in the mesonic atom produced as a 
result of negative-muon capture is not zero, the muon can 
be captured from either of two K-shell states characterized 
by the following components ofthe following components of 
the total angular momentum 


l l 
Fa Nao and F_ ay 
Bernstein et al. [96] have pointed out that the capture prob- 
ability should be different for these two states. They calcu- 
lated this effect for a model consisting of a spinless core 
and an external proton, and showed that 


AA z 
ô =— ws, - Moe? e (3.40) 
A 2? jee 9 


where AA = Ay, — Ar_ is the difference in the capture 
probability for two hyperfine-structure states, A the cap- 
ture probability averaged over the two states, Z the nuclear 
charge, S, the spin of the external proton and (1S,) the 
expectation value of the scalar product of the two spins, 

Uberall [97] carried out more accurate calculations for 
Al” and P*! using a simple shell model and the sum rule. 
He found that for Al?’ 


AA A(F =3)—A (F =2) 
= a Vf 550 | 
A UA (F=3)+ SA (F =D) Pra 


m 
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whilst for P? 


AA A(F=1)—A(F =0) 


== “ly 0,45 3.42 
A “/,A(F =1)+'/,A (F =0) A 


Ih is evident that the difference inthe w`-capture prob- 
abilities for the two hyperfine-structure states constitutes 
a large effect even for nuclei. The first experimental attempt 
to detect this phenomenon was basedon the fact that the p— e 
curve f(t), measured for stopping negative muons in ele- 
ments such as Mg, Al and P, should consist of two exponen-: 
tials corresponding to the two angular momenta F, and F_, 
It can easily be shown that two such exponentials give rise 
to a decay curve with positive curvature 


AA a AA 
er A 
Telegdi [98] showed that the presence of conversion trans- 


itions between the states F, and F_ will modify this expres- 
Sion to 


K =2° 7/4 _ 


(3.43) 


K =K (AA, R) =— 24n, (AA) Rona) 


A A 


where R is the probability of conversion of the mesonic atom 
from state F+ to state F- (assumingthat the magnetic mom- 
ent of the nucleus is positive). Telegdi suggested as a pos- 
sible process for this conversion the magnetic interaction 
between the ‘nucleus’ of the mesonic atom (nucleus plus 
negative muon) and external S electrons in the atomic shell 
of the mesonic atom. If the probability of this conversion is 
such that R >n_AA, then the sign ofthe curvature of the de- 
cay curve changes from positive for R < n_AA to negative 
elsewhere. Winston and Telegdi [99] estimated that in light 
nuclei the conversion probability is greater by one or two 
orders of magnitude than the capture probability AA.Table 
3.12 gives some calculated values of R and AA, 


Table 3.12 


-1 =l -1 
R, sec AA, sec Nucleus 


5 x 10° Cr 


(3,44) 


Nucleus 


2.8 x 10° 


1.1 x 10° y 
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The first experiments were carried out by the Chicago 
group [98] and consisted of the determination of the decay 
curve for negative muons stopping in aluminium and phos- 
phorous. At first the results did indeed indicate that the 
curvature was negative, but subsequent more careful meas- 
urements by different methods did not confirm the existence 
of such curvature. The final result was [72] 


K=+(1.1 4 1)-10°? for Mg 
and 
K = +(2.4 + 1.7)-10°% for Al 


The Mg nucleus has zero spin and there are no hyperfine- 
structure effects. Measurements of the decay curve for Mg 
can therefore be regarded as control measurements of the 
decay curve with zero curvature. A finite curvature was, 
however, detected when neutrons and y rays emitted by 
the nucleus after decay were recorded instead of decay 
electrons. 

By writing down the kinetic equations for the negative 
muons stopping in the target, including conversion from the 
F, to F- states, it is quite easy to derive the expressions 
which follow for the number of negative-muon decays and 
captures: 


Na (t) dt ~ e~A-* (1 — Ae-®*) dt 

E S (3.45) 
Ne (t) dt ~e-4-t (1 — A' e-t) dt 

where A and A’ determine the curvature ofthe decay curve. 
When the decay electrons are recorded 


Aa MAA (3.46) 
R 
and when neutrons and y rays emitted by the nucleus are 
recorded 
A l == f+ (0) al eee eee 
A 1+ n4 (0)AA/A 


In these expressions the quantity n, (0) represents the 
population of the F, level at ¢ = 0. Comparison of these 
formulae shows that if R 5AA which, aS we have seen 
(Table 3.11), is in fact the case, it is more convenient to 
determine the curvature of the decay curve by recording 
neutrons and y rays instead of the decay electrons. 


(3.47) 


Negative-muon capture 183 


This method was used by Culligan et al.[100], who meas- 
ured the time distribution of the neutrons and y rays emit- 
ted by F? after negative-muon capture. An LiF target was 
employed and a control run was carried out with LiOH (spin- 
less nucleus). Since the yw -capture probability is approxi- 
mately proportional to Z*, capture by fluorine andoxygen is 
important in both cases. 

The experiment is illustrated in Fig. 3.21. The target T 
was surrounded by four scintillation counters 5, 6, 7 and 8, 
and four other scintillation counters 1, 2, 4 and 9 were 
placed in the direct beam. The lucite Cerenkov counter 3 was 
connected in anti-coincidence, and used to eliminate the 
electron impurity in the negative-muon beam. The liquid 
scintillation counter 9 used pulse-shape discrimination to 
distinguish between light and heavy charged particles. It was 
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1, 2, 8, 5, 8 — scintillators; 6, 7 — scintillators 
shielding the target 8; 9 — cylindrical liquid scin- 
tillator counter for neutrona andy rays (12.5 x 12.5 cm) 


Fig. 3.21 Measurements of the spin dependence of 
the negative-muon capture probability in F3° 


used to detect neutrons (by their knock-on protons) and y 
rays (detected by observing Compton and pair electrons). 
Counters 5, 6, 7, 8 were connected in anti-coincidence and 
were used to reduce the background of random coincidences 
and bremsstrahlung due to decay electrons. Anegative muon 
stopping in the target was indicated by 2345678 coincidences, 


negative-muon capture was indicated by 156789 coincidences. 
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a — LIF target; b — LiOH target 


Fig. 3.22 The number of secondary neutral particles 
(neutrons and y rays) plotted as a function of time. 
Data corrected for exponential decay 


Fig. 3.22 shows the decay curves obtained withthis appa- 
ratus for LiF and LiOH targets. The number of recorded 
neutrons and y rays corrected for exponential decay, i.e. 
Nny (t) exp (+ A-2), is plotted as a function of time in u sec, 
It is evident from this figure that capture by the spinless nu- 
cleus O! yields a pure exponential (the experimental points 
lie on a straight line parallel to the time axis), whilst for 
negative-muon capture by F!°, thedecay curve (a) has a neg- 
ative curvature. If the experimental data (a) are fitted by 
(3.45), the parameters A’ and R are found to be 


A’ = 0.31 + 0.02 
R = (5.9 + 0.8) 10° sec’! 


These results indicate a very appreciable hyperfine-struc- 
ture effect in negative-muon capture by F!°. The presence 
of this effect confirms that the value of the parameter x in 
(3.39), which is equal to the ratio of the Gamow-Teller and 
Fermi interaction constants, is not very different from -1. 
In fact, for x =~-1.25, the expected value of A’ lies in the 
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range 0.25-0.37, whilst for x= +125therangeis 0.04-0.07. 
It may therefore be concluded that this experiment has 

shown that the sign of the ratio x = Gg_r/Gr is negative and 

that its magnitude is in agreement with the V — A hypothesis. 


3.14 NON-CONSERVATION OF PARITY IN 
NUCLEAR u- CAPTURE 


3.14.1 Basic theoretical predictions 


The non-conservation of parity in negative-muon capture 
is manifested in the asymmetry of the angular distribution 
of recoil nuclei and neutrons emitted as aresult of the cap- 
ture, and also in the longitudinal polarization of the emitted 
neutrons. The first of these effects has been observed by 
a number of workers, but experiments on the longitudinal 
polarization of neutrons are very difficult and have not been 
performed to date. 

Let us suppose that a completely polarized muon is cap- 
tured by a proton in accordance with the scheme pw + p— 
n-+v,. Huang, Yang and Lee [101] showed that if spatial or 
charge parity is not conserved, the angular distribution of 
the neutrons relative to the spin of the muon is given by 


dN ~ (l + acos@?@) dQ (3.48) 


where @ is the angle between the neutron momentum and the 
spin of the muon, and a a parameter which depends on the 
constants of the four-fermion interaction. The two-compo- 
nent neutrino theory gives an expression for the asymmetry 
coefficient a as a function ofthe effective Fermi and Gamow- 
Teller constants. If the negative muon is fully polarized, but 
the protons are not, then 


2 
y — Cr e-T (3.49) 
Gh + 3Gb-r 
If a neutrino is produced in negative-muon capture bya 
proton (p + p—> n + y), and 


2 2 
a= GG-T —Gr (3.50) 
Gr +3Gb-r 
If an antineutrino is produced (m + p—n +v). In these 
expressions Gp = Gs + Gy, Ge-r = Gr + Ga. 
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It follows from the above formulae that for a pure V— A 
interaction with constants 


Gy = —C a 
Gg = Gr = Gp = 0 


the angular distribution of neutrons from the capture reac- 
tions » + p—> n+ v is isotropic (a = 0). This will become 
understandable if we recall that the u -capture probability 
for a proton inthe triplet state is zero for pure V — A inter- 
action. Since it is only in the triplet state that the mesonic 
atom (up) has a definite total spin orientation and the singlet 
state is spherically symmetric, the absence of capture from 
the triplet state will explain the isotropic neutron angular 
distribution. 

The asymmetry in this distribution is due tothe fact that, 
owing to the strong interaction between protons and neu- 
trons, the vector and the axial-vector constants are not 
exactly equal, However, this asymmetry is small and it 
follows from the above formulae that if G,=-—1.21Gy, the 
asymmetry coefficient is a = 0.09. 

The presence of a pseudoscalar term in the interaction 
Hamiltonian leads tothe following modification of the expres- 
sion (3.49) for the asymmetry coefficient: 


. 2 
| Gr 3—2 |Ge-r|? + Go-1— yiz OP) 


a= (3.51) 


Gp? +2| Gor P+ | Go-1—s Gr 
where ~v is the neutrino energy and Gp the pseudoscalar con- 
stant due to virtual-pion exchange (Gp = xG,). It is evident 
from the above formula that for the V — A interaction, the 
sign of the asymmetry coefficient depends on the sign of the 
ratio Gp/G,. 

Table 3.13 gives the values of the asymmetry coefficient 
calculated under different assumptions about the additional 
interaction constants [102]. It is evident from this table that 
the asymmetry coefficient reaches the value a= -0.45 when 
all the additional terms are included in the Hamiltonian. 

It is worth noting that the longitudinal polarization of the 
neutron from the reaction w + p— n + vis practically com- 
plete and is independent of the particular form of the inter- 
action. This is a simple kinematic consequence of the total 
longitudinal polarization of the neutrino in the two-compon- 
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Table 3.13 


‘Weak magnetism’ 
constant 


‘Weak magnetism’ 
constant 


Absent Absent 


Present Present 


ent theory. In fact, since capture occurs mainly from the 
state with zero total spin, and a longitudinally polarized neu- 
trino carries off spin 1/2, the neutron should be longitudin- 
ally polarized in order to ensure that the total spin of the 
system is 0. 

When a negative muon is captured by anucleus, the asym- 
metry in the neutron distribution is reduced because of the 
internal motion and scattering of nucleons in the nucleus. 
This kinematic depolarization of neutrons in spinless nuclei 
has been estimated by Shapiro et al. [102], Uberall [103], 
Akimova et al. [104], Dolinskii and Blokhintsev [109], 
Blokhintzev [106], Lubkin [15] and others. 

The depolarizing effect of the nucleus can therefore be 
expected to modify the asymmetry for fully polarized neg- 
ative muons so that it must be described by two parameters, 
i.e. 

dN ~ (1 + ax cos ð) dQ (3.02) 


where a is the asymmetry coefficient for the original y` + p 
—n +v reaction, and x represents the reduction in the 
asymmetry due to the interaction between neutrons and in- 
ternal nucleons. Akimova, Blokhintsev and Dolinskii [104] 
have calculated the reduction in the neutron asymmetry for 
the shell model with j — j coupling anda square-well poten- 
tial with radius R = rọ A’ where ro =10% cm. The inter- 
action of the neutron with the nucleus was represented by a 
complex potential. Table 3.14 gives the values of x for vari- 
ous light nuclei obtained from this calculationin the form of 
and average over the energy spectrum of direct neutrons. 
These data were obtained for three different values of the 
ratio of the real and imaginary parts of the potential, i.e. 
€ = 0, 0.10 and 0.15. 

Similar shell-model calculations were performed by Lub- 
kin [15], who calculated x for directly interacting neutrons 
with energies greater than a given energy e in the case of 
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Table 3.14 


the spinless nuclei O'°, Si?! and Cot’, The results are given 
in Table 3.15 where e is in MeV, 

Calculations in which the internal protons and neutrons in 
the nucleus were described by the Fermi gas model have 
been reported by Uberall [103] and Lubkin[15].In the former 
paper it was found that x = 0.773 for nuclei with an equal 
number of neutrons and protons. The results obtainedin the 
second paper for directly interacting neutrons from Pb”? and 
Ca’’ with energies greater than e are given in Table 3.16. 

The calculations discussed above showed that the reduc- 
tion in asymmetry due to the effect of the nucleus lies in the 
range 0.1-0.8, depending on the nuclear model adopted and 
the neutron energy, but the sign of the asymmetry remains 
the same (x >0). It must also be noted that values obtained 
for x from the Fermi gas model are much greater than 
those for the shell model. This is due to the different ratio 
of the number of directly interacting neutrons and evapor- 
ation neutrons in the two models. 

Calculations of the neutron asymmetry must also take 
into account the fact that, as a result of depolarization of 
negative muons in cascade transitions in the mesonic atom, 
the polarization of the negative muon at the interaction is 
not more than about 15% (see Chapter 6). It follows that the 
final asymmetry must be described by 


1 + axP cos 9 (3.93) 


where P is the degree of longitudinal polarization of nega- 
tive muons in the K shell. The observed asymmetry coeffi- 
cient axP is then found to lie in the range 0.01-0.04. 

such low asymmetries are very difficult to detect. The 
Situation is complicated by the fact that neutrons of suffi- 
ciently high energy must be recorded in order to reduce the 
background due to evaporation neutrons which are distri- 
buted isotropically in space, and the y-ray background due 
to excited nuclei. Some idea about the possible ratio of 
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Table 3.15 


Table 3.16 


Pb? C Pph??® 


a? 


0.68 1 0.62 4 0.79 4 
0.73 2 0.65 8 i 


directly interacting to evaporation neutrons is given by Fig. 
3.23, which shows neutron spectra calculated by Lubkin 
[15] for Ca? and Pb?® using the Fermi gas model. Clearly 
the number of directly interacting neutrons constitutes a 
small fraction of evaporation neutrons. It is only at the end 
of the energy spectrum that this number becomes relatively 
high, and since the energy resolution of neutron detectors 
is not better than 15-25%, reliable separation ofdirect neu- 
trons from evaporation neutrons demands the detection of 
high-energy neutrons only, which in turn leads to losses in 
intensity. 


à 


3.14.2 Experimental data on neutron asymmetry 


Baker and Rubbia [107], who studied the neutron angular 
distribution from negative-muon capture inMg andS, did not 
succeed in detecting the asymmetry. They obtained a positive 
value for the asymmetry coefficient but this differed from 
zero by only one standard deviation. Itis possible, however, 
that this result is connected with the particular method used 
to detect the neutrons. In order to reduce the y-ray back- 
ground, the neutron counter which they employed consisted 
of 15 thin scintillators. The resolution ofthis counter was no 
better than 30% with a neutron energy threshold of 5 MeV. 
Under these conditions it is very probable that there was an 
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LU neutrons Fig, 3.23 Spectrum of direct and 

evaporation neutrons in negative- 

g 1 2 2 4 muon capture by Caf? and Pb”* 
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isotropic impurity of evaporation neutrons which masked 
asymmetry, due to directly interacting neutrons. 

Astbury et al. [108] appear to have been the first to detect 
the neutron asymmetry and thus confirm the non-conserva- 
tion of parity in this phenomenon. The experiment was per- 
formed on the Liverpool synchrocyclotron and is illustrated 
in Fig. 3.24. The negative-muon beam with initial momentum 
of 190 MeV/c. was brought torest inan S® target. A stopping 
negative muon was indicated by 234 coincidences (gating 
pulse), whilst the entry of a neutron into the neutron counter 
was indicated by 1345 coincidences (stopping pulse). The 
neutron detector was a liquid scintillator and pulse-shape 
discrimination was used to separate neutrons from y-ray 
and electron background. The time interval between the 
gating and stopping pulses was measuredintheusual way by 
time-to-amplitude conversion. A magnetic field perpendic- 
ular to the centres of counters 2, 3 and 5 produced a pre- 
cession of the negative-muon spin in the plane defined by 
these centres. If spatial parity is conserved, the neutron 
intensity should depend exponentially on time. If onthe other 
hand, parity is not conserved, the curve shouldbe sinusoid- 
ally modulated as in the experiment of Garwin et al. with 
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Fig. 3.24 Determination of the asymmetry in the 
angular distribution of neutrons from negative- 
muon capture S*? (Astbury et al.) 


decay electrons. It follows that the neutron time distribution 
should be of the form 


t 
F(t) =Noe *[1+-a@P cos (wt-+ ò) +B (3.54) 


where t is the lifetime of negative muons in sulphur (t = 
(540 + 20) x 10° sec; Table 3.10) and P the polarization of 
the negative muon at the instant of capture by the nucleus. 
The polarization P was determined from the angular asym- 
metry of decay electrons emitted from the sulphur target 
and was found to be 15 + 4%. The quantity @ in the above 
expression represents the angular resolution of the experi- 
ment, the kinematic depolarization of neutrons in the S* 
nucleus and the reduction in the asymmetry due to the pre- 
sence of evaporation neutrons among the recorded neutrons 
and w is the precession frequency of negative muons in the 
magnetic field. Since the nucleus S??? has zero spin, œ must 


be equal ae the precession frequency of afree negative muon, 
i.e. 0 = a . Finally, B is the background. 


Fig. 3. 25 shows a plot of the quantity ọ = Ë as a func- 


OF 

— t/t 
tion of channel number in the pulse-height ae ee As can 
be seen, the curve describing the neutron time distribution 
is sinusoidally modulated at the angular frequency wœ. A 
least-squares analysis yields the following value for the 
asymmetry coefficient in (3.54) 


a) = apP = —0.045 + 0.015 
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This experiment was recently repeated [109] using an 
improved method and the new result was 


apP = —0.027 = 0.007 


Similar, although more accurate, experiments have been 
carried out by the Chicago group for sulphur and magnesium 
[110]. Their results for sulphur are shown in Fig, 3,26, in 
which the upper curve gives the neutron asymmetry and the 
lower curve the decay electronasymmetry for the same tar- 
gets and experimental geometry. The asymmetry coefficients 
in Equation (3.54) were found to be 


am) = —0.020 + 0.005 ( for Mg) 
a) = —0.019 + 0.007 (for S) 


The asymmetry coefficient in the electron angular distrib- 
ution from magnesium and sulphur targets was also meas- 
ured in these experiments. The results were 


av) —0.022 + 0.004 (for Mg) 
af) = —0.026 + 0.009 (for S) 


Knowledge of these coefficients enables us to exclude the 
effect of the experimental geometry and the initial polariz- 
ation of the negative muons at the instant of capture by the 
nucleus from the analysis, and to obtain the asymmetry co- 
efficient for fully polarized negative muons due to capture 
in Mg and S; 

RC) __ 9.020 0.005 | 

0.022 = 0.004 


3 
(3.55) 
aP 20190007 1 gop at 


=— 0.30 + 0.10 


a ee MM 


0.026 + 0.009 


These coefficients contain only uncertainties connected with 
the nucleus itself. If we divide them by x, which represents 
kinematic depolarization in the nucleus, we obtain the asym- 
metry coefficient in the elementary process W + p—>n +v. 
We have already seen that x is very sensitive to the partic- 
ular nuclear model employed in the calculations. If we use 
the result reported by Uberall for light nuclei (x = 0.773) 
and average the values ofthe asymmetry coefficients of mag- 
nesium and sulphur, we find that the asymmetry coefficient 
for the elementary process is 
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Fig. 3.25 Non-conservation of parity in negative-muon in S’? 
(asymmetry in the angular distribution of neutrons, corrected 
for exponential decay). The sinusoid 1s the result of a least- 
squares fit. Bis the number of counts corrected for exponential 
decay 
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Fig. 3.26 Asymmetry in the angular distribution of neutrons 
from negative-muon capture in S, corrected for exponential 
decay. The upper curve is for capture neutrons and the 
lower curve for decay electrons 
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The expected asymmetry coefficients are given in Table 
3.13. We see that the values of a obtained in different exper- 
iments are appreciably different from zero or from the very 
small values predicted by the pure V — A interaction. It may 
therefore be concluded that these experiments indicate the 
presence of additional interactions in nuclear p` capture. 

Komarov et al. [111] have measured the asymmetry of 
neutrons emitted from a calcium target using a similar 
method in which the neutrons were recorded by a multilayer 
scintillation counter with a 7-MeV neutron threshold. They 
found that a = -(0.067 + 0.022), which does not agree with 
the result obtained by the workers mentioned above. 

The following conclusions may be drawn from the above 
experimental data: 

l. Negative-muon capture by spinless nuclei leads to 
asymmetry in the angular distribution of directly interact- 
ing neutrons and confirms non-conservation of parity in the 
elementary reaction u` -+ p—>n+v. 

2. The magnitude of the observed asymmetry suggests 
that, in addition to the V and A variants of the interaction 
with approximately equal and opposite coupling constants, 
there are additional constants representing virtual-pion ex- 
change and the ‘weak magnetism’ of Gell-Mann and Feyman. 

3. The sign of the observed asymmetry confirms the 
presence of a positive coefficient in the pseudoscalar coup- 
ling constant due to virtual-pion exchange. 

4, The contributions of the various additional weak-inter- 
action constants cannot be separated experimentally at the 
present time. This appears to be impossible evenif experi- 
mental data, become much more accurate, because theoret- 
ical estimates of the effect of the nucleus on the reduction 
in asymmetry are subject to large uncertainties. 


3.14.3 Angular distribution of recoil nuclei in w` capture 


In addition to the neutron asymmetry considered above, 
there are also other phenomena in which the non-conserv- 
ation of parity can be deduced from measurements on nu- 
clear u capture. We shall review briefly some of these, 
despite the fact that they have not as yet been observed ex- 
perimentally. One of these effects is the angular distribution 
of recoil nuclei produced as aresultofthe capture of polar- 
ized negative muons: 
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N: +p > N; +v (3.56) 


where N; is the initial state of the target nucleus and JN; is 
the final state of the recoil nucleus. An experiment of this 
kind would not only reveal non-conservation of parity in the 
reaction (3.56), but would also enable us to determine the 
helicity of the negative muon relative to the helicity of the 
neutrino. Let us confine our attention to, say, the 0-0 tran- 
sition and recall that the neutrino has a left-handed polar- 
ization, i.e. its spin is antiparallel to its momentum gq. 
Suppose that the neutrino is emitted in the direction of the 
negative-muon spin, so that if the muon has a right-handed 
helicity, the neutrino should be emitted in the direction 
opposite to p and the recoil nucleus shouldtravel in the dir- 
ection of p, i.e. in the direction of the negative-muon spin. 
If the negative muon has left-handed helicity, the recoil 
nuclei will be emitted in the opposite direction and the ob- 
served correlation between the initial direction of the uw 
momentum and the direction of emission of the recoil 
nucleus will be described by 


1+ cos? (3.57) 


where @ is the angle between the momentum of the neutrino 
and the spin of the muon. In the more general case of the 
0 — / transition with a parity change of (—1)/"! (the unique 
transitions in B decay), the observed correlation is 


| -+ aP cos) (3.58) 


where P is the final negative-muon polarization in the K 
shell of the mesonic atom, and a is determined by the form 
of the interaction and the transition matrix element. C? —> 
B! (0*-> 17} and O! —> Nt? (0— 2-) are examples of such 
transitions. The magnitude of a for these transitions was 
calculated by Morita and Greenberg [112], Rose and Good 
[113] and Wolfenstein [114] for the usual model with J — J 
coupling and a harmonic oscillator potential. 

It follows from these calculations that the asymmetry in 
the angular distribution of the recoil nuclei is very sensi- 
tive to the presence of the pseudoscalar interaction, but that 
terms due to the conservation of the vector current (‘weak 
magnetism’) have a much smaller effect. 

Shapiro and Blokhintsev [115] have drawn attention to a 
phenomenon which is very sensitive to the pseudoscalar 
term in the Hamiltonian. They calculated the probability of 
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the transition O'® +u — N!8° +v, in which N"™ is produced 
in the excited states 0° and 1°. They showed that the total 
u` -capture probability with excitation of these levels was 
about 5000 sec™ and that the ratio of the capture probabil- 
ities for the levels O° and 1~ changed by a factor of 6 when 
the constant C% was changed from -8C,to+8C,. Such a large 
change can be explained by the importance of the pseudo- 
scalar interaction in the transition 0*(O'%)—~0 2(N"*), The 
ratio of capture probabilities to the levels 0 and ! can be 
determined experimentally by measuring the relative in- 
tensities of y rays produced in the radiative transitions 
17 + 0° (272 keV) or 1° > 2° (392 keV) and 0° — 2° (120 keV) 
of the excited N° nucleus. 


3.15 RADIATIVE „` CAPTURE BY NUCLEI 


In this section we shall consider briefly theoretical pre- 
dictions regarding the electromagnetic radiation resulting 
from nuclear u` capture, and the very sparse experimental 
data on this radiation. For a proton, the process may be 
written in the form 


i a (3.59) 


where y represents the emitted photon, and if the negative 
muon is captured by the nucleus we have 


u +NoON+v4+ y (3.60) 


The problem has been treated theoretically by Cantwell 
[116] and Bernstein [117]. We shall briefly review their re- 
sults, bearing in mind the experimental possibilities which 
follow from them. Cantwell considered light nuclei (2/137 
<1), using the Hamiltonian given by (3.8) without terms 
proportional to the neutrino momentum v/M. This means 
that in his analysis the pseudoscalar constant was zero. He 
showed that the total probability of radiative w“ capture was 
about 10°* of the total probability of mw capture, i.e. 


R _ Arad 1974 
A 


The photon spectrum produced as a result of nuclear u` 
capture exhibits a maximum at 30 MeV and extends to 100 
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MeV. The appearance of high-energy photons should make it 
much easier to observe the radiative capture experimen- 
tally. In fact, for photon energies in excess of 50 MeV, there 
is no bremsstrahlung background associated with electrons 
from p` —e decays and the relaxation of nuclei excited as 
a result of negative-muon capture. We note that the proba- 
bility of radiative decay is very sensitive to the form of the 
weak interaction. For example, if the constants gp and gy 
are taken into account, the radiative decay probability rises 
by a factor of 2 by comparison with the pure V — A inter- 
action. Detection of radiative capture may therefore be used 
to distinguish between possibilities A and B in Table 3.5. 

If parity is not conserved in negative-muon Capture, the 
emitted photons should be circularly polarized. The polar- 
ization should be right-handed and equal to 100% [101]. 
Bernstein showed that pseudoscalar coupling yielded pho- 
tons with left-handed polarization, and therefore inclusion 
in the Hamiltonian of the pseudoscalar constant should re- 
duce the right-handed polarization of photons by approxi- 
mately 30%. These effects are smoothed out somewhat if the 
negative muon is captured not by a proton but by a complex 
nucleus. Another effect of non-conservation of parity in 
radiative uw capture is the asymmetry in the angular dis- 
tribution of photons relative to the mw” spin direction at the 
time of capture. Radiative » capture in iron was investi- 
gated by Conforto et al. [118], using the very intense and 
pure negative~muon beam of the CERN accelerator. The 
apparatus included two spark chambers and a large Nal 
scintillator. One of the chambers was used to record neg- 
active muons stopping in thin iron plates and the other 
(placed above the first) was used to record e’, e pairs pro- 
duced by photons in a tungsten converter. The pair energy 
was measured by a total absorption counter, About 10 pho- 
tons due to radiative capture with energies in excess of 60 
MeV were recorded in this experiment. This is in qualit- 
ative agreement with the value of about 10° for the fraction 
of radiative decays predicted by the theory. 


Chapter 4 


ELECTROMAGNETIC INTERACTIONS OF MUONS 


4.1 PRELIMINARY REMARKS 


In this chapter we shall consider phenomena associated 
with the interaction of muons with the electromagnetic field. 
Analysis of these phenomena leads to the conclusion that 
in such interactions the muon is indistinguishable from the 
electron. There are noexperiments at present which indicate 
with any degree of reliability that the opposite situation 
prevails. The principle of such experiments is to consider 
an electromagnetic process involving the participation of an 
electron, in one case, anda muonin another, and to compare 
the corresponding cross-sections, transition energies, prob- 
abilities, and so on. The muonic atom is a possible system 
for this purpose since the electron is replaced by a muon. 
We shall show that the muon in the mesonic atom does in 
fact exhibit an analogous behaviour to an electron, except 
that it is much heavier. The various electromagnetic inter- 
actions involving muons have been extensively investigated 
and have been reviewed by Fowler and Wolfendale. 

In this chapter we will also consider topics such as 
muon pair production by high-energy photons, the nuclear 
scattering of muons and the measurement of the magnetic 
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moment of the muon. These topics were selected because 
they indicate that electrons and muons have identical electro- 
magnetic properties in short-range interactions involving 
large momentum transfers. 


4.2 MUONIC ATOMS 


When a negative muon is slowed down in matter, it is 
captured by the Coulomb field of an atom and forms a bound 
system known as the muonic atom. As a result of cascade 
transitions between orbits, the negative muon passes through 
the electron shells of the atom and eventually experiences 
the entire nuclear Coulomb field. Experimental studies of 
the radiation emitted as a result of such cascade transitions 
have been in progress since 1949 and have led to results 
which are exceedingly important for the understanding of 
the properties of muons and their interaction with the elec- 
tromagnetic field of the nucleus. For example, the nuclear 
radius was determined by observing the difference between 
the energies of photons emitted as aresult of mesonic-atom 
transitions and the energies expected for a point nucleus. 
The agreement between the nuclear radii obtained by this 
method and the radii deduced from electron-scattering data 
suggests that the interaction between the negative muon and 
the nucleus at distances of the order of 10-10 cm 
(corresponding to the linear dimensions of the K shell of 
light and heavy mesonic atoms) is of an electromagnetic 
nature. 

Another important result deduced from studies of muonic 
atoms is a very accurate value for the mass of the muon. 
The mass has been determined to one part in 10* by meas- 
uring the energy of the 3D — 2P transition in mesonic phos- 
phorus atoms. This transition occurs at distances which are 
large enough for the nucleus to be replaced by a point charge 
and vacuum polarization is practically the only interaction 
which alters the energy of the emitted photon from the value 
predicted by the Dirac equation. The energy shift in the 
3D — 2P transition due to this effect is approximately i 
= 3%x1073, and the agreement between the muon mass 
obtained in this way with the mass measured by more usual 
methods confirms the validity of quantum-electrodynamic 
calculations of vacuum polarization for the muon. 
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The third result which will be discussed in this chapter 
has been deduced from studies of X rays emitted by light 
mesonic atoms. The experiments of Stearns and Stearns 
(25, 26], who found that the X-ray yield was low, have at- 
tracted the attention of theoreticians who suspected various 
anomalies in mesonic-atom transitions, e.g. the presence of 
metastable states from which no radiation is emitted. New 
experiments on X-ray and Auger-electron yields have shown, 
however, that all existing data are fully in agreement with 
the theory in which muon transitions in mesonic atoms are 
regarded as transitions of a heavy electron. 


4.2.1 Energy levels of muonic atoms 


In this section we shall consider calculations of the energy 
levels of muonic atoms performed on the assumption that 
the interaction between the muon and the nucleus is purely 
electromagnetic. If the finite dimensions of the nucleus are 
neglected, the energy levels of the mesonic atoms are given 
by the usual Bohr theory, except that the reduced mass of 
the electron is replaced by the reduced mass of the muon. 
The energy En, the orbital radius r, and the ‘classical’ 
velocity v, of a negative muon captured into an orbit with 
principal quantum number n are therefore given by 
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where MRTE A is the reduced mass of the muon and «a 


the fine-structure constant given by a= e?/ħc~ 1/137 . 

For the muonic atom, the energy terms are therefore in- 
creased by a factor of about 207 and the dimensions of the 
atom are reduced by the same factor, compared with the 
normal atom. It is interesting to note that the velocity is 
unaffected. The fine structure of the muonic levels is ob- 
tained by solving the Dirac equation for spin 1/2 particles 
in the Coulomb field of the nucleus. The energy terms are 
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where j= /41/2, and l is the orbital angular momentum. 
The relative magnitude of the splitting due to the different 
Spin orientations is the same as for the normal atom. Fig. 
4.1 gives the energies of a number of transitions in muonic 
atoms, calculated from Equations (4.1) and (4.2) for Z in 
the range 1-100. 


4.2.2 Finite nuclear dimensions and the energy levels of muonic atoms 


Equations (4.1) and (4.2) and the plots of Fig. 4.1 are 
valid for a muon in the field of a point charge, specified by 
the Coulomb potential U = —Ze?/r. The main correction to 
this simple estimate based on the Bohr theory is due to the 
finite dimensions of the nucleus and becomes progressively 
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Fig. 4.1 Energy of four transi- 
tions in muonic atoms calculated 
from (4.1) for a point nucleus 
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more important as Z increases. The nuclear radius R is of 
the order of 1.2 x 10713 A 1⁄3 cm, and the K orbit of the muon 
lies inside the nucleus if 


I 219.1077) 


aZ My C 


i.e. if Z > 30. It follows that evenfor elements of moderate 
atomic weight, the departure of the nuclear electrostatic 
field from the field of a point charge is quite significant. 
The shift ôE of the energy levels given by Equations (4.1) 
and (4.2) may be calculated in the usual way, at least for 
low Z, from first-order perturbation theory: 


SE =—e| PY* EBV du 


where p represents the muon wave functions for a point 
charge and ôV is the perturbing potential, equal to the dif- 
ference between the true electrostatic potential and the 
point-charge potential. 

Cooper and Henley [2] estimated ôE for the /S state 
using a uniform charge distribution for the nucleus. The 
expression they obtained may be generalized for any S 
states and is given by 


bE 4 1/ZR\° 
re -$4,(4| (4.3) 


where œR is the nuclear radius, rg the mesonic Bohr radius 
and Ez the binding energy of the JS level. This formula is 
valid for the K shell when Z < 10, in which case the shift 
is about 1%, but it canalsobeused for large Z when n> 1. 
The shift due to the finite dimensions of the nucleus is very 
small for the 2P level of the mesonic atom because the wave 
function for the P state vanishes at the nucleus (r =0). The 
corresponding formula was obtained by Flugge et al. [3] and 
may be written 
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The shift in the /S levels is appreciable for Z >10, and 
first-order perturbation theory is not sufficientin this case. 


Electromagnetic interactions of muons 203 


The problem can only be resolved through rigorous solu- 
tions of the wave equations for potentials inside and outside 
the nucleus. 

Fig. 4.2 illustrates the effect of the finite dimensions 
of the nucleus on the 2P—J/S transition energy (without 
taking fine structure into account. The 2P — /S transition 
energy is plotted as a function of the nuclear charge [4]. 
The broken curve represents the situation for a point 


Photon energy, MeV 


Fig. 4.2 Effect of the finite 
dimensions of the nucleus on 
the 2P — 1S transition energy 
(Fitch and Rainwater). Broken- 
curve represents a point nucleus 
and solid curve a uniformly 


charged sphere of radius R = “2 40 G) Bb TH 
1.15 x 107° A’? cm Nuclear charge, Z 


y 


charge and, apart from the fine structure, it is the same 
as the curve for the wk. (2P3,,—1S) transition in Fig. 4.1. 
The solid curve gives the energies of these transitions for 
a nucleus with a uniform charge distribution in a sphere 
of radius R= 1.15 x10 As; It is evident from these 
curves that the 2P — 1S line shift due to the finite dimen- 
sions of the nucleus increases rapidly with nuclear charge. 
For example, the shift in the mesonic atoms of aluminium 
and silicon is only 2%, for titanium 5% and for copper 18%, 
but for antimony it is 70% and for lead as much as 170%. 
In the last case, a mesonic atom with a point charge would 
emit 16-MeV photons as a result of 2P — IS transitions, 
whilst the energy expected for an extended nucleus is only 
about 5.0 MeV. 
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4.2.3 Methods of measuring mesonic-atom transition energies 


The first experiment in which radiation from mesonic 
atoms was successfully recorded was performed by Chang 
[5], who observed negative muons stopping in lead plates 
in a Wilson cloud chamber which were accompanied by low- 
energy electrons. These electrons had energies of a few 
MeV and could be due tothe conversion of X rays emitted by 
mesonic atoms or to y rays from excited nuclei. Butement 
[6], in an experiment using cosmic-ray negative muons, 
detected the K line due to the mesonic atom of carbon. 
However, quantitative experiments involving muonic atoms 
could only be successfully performed when intense and 
well-collimated muon beams from accelerators became 
available. Fig. 4.3 shows a typical experimental arrange- 
ment used with the Liverpool synchrocyclotron. The muons 
originated from pions decaying in flight, which in turn were 
generated by protons at an internal beryllium target. After 
deflection by the fringing field of the synchrocyclotron 
magnet, the pions entered the collimating pipe and were 
momentum-analysed by a magnet at the end ofthe pipe. The 
monochromatic pion beam selected by a second collimator 
contained 5-10% of muons and approximately 5%of electrons 
from n—>u—>e decays. For 100-MeV pions, the energy of 
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1 — cyclotron chamber; 2 — concrete shield; 3 — addi- 
tional shield; 4 — counter telescopes and X-ray spec- 
trometer; 5 — polyethylene absorber; 6 — muon beam; 
{T — strongly focusing magnets; 8-— circulating proton 
beam; 9— Be target; 10 — deflecting magnet 


Fig. 4.3 Measurement of mesonic atom transitions 
(Liverpool synchrocyclotron) 
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the muons and electrons in the beam at the exit was about 
116 and 195 MeV, respectively. The separation of pions 
and muons was carried out by the absorption method: for 
a given momentum the muons have a longer range than the 
pions. The deflecting magnet was followed by an apparatus 
in which the muons were retarded in various absorbers, 
and the energies of photons emitted as a result of transi- 
tions in the mesonic atoms were determined. 

As an example, Fig. 4.4 shows an arrangement for the 
detection and measurement of X rays emitted by muonic 
atoms [4]. The basic principles of this spectrometer have 
also been used by other workers. It consisted of four scin- 
tillation counters of which counters 1, 2 and 3 contained 
fast plastic scintillators and 4 was an Nal(T1) spectrometer 
crystal. The first three counters were used to identify stop- 
ping muons by recording 123 coincidences. A coincidence 
between a 123 pulse and a pulse from the Nal(TI) crystal 
was used as a gating pulse to enable the pulse produced in 
the Nal(Tl) crystal by the absorption of mesonic X rays to 
enter a pulse-height analyser. 

Fig. 4.5 shows an improved spectrometer for the deter- 
mination of photon energies emitted by mesonic atoms as 
described by Johnson et al. [7]. In this arrangement, the 
Nal(Tl) crystal was removed from the beam line, the di- 
mensions of the crystals were increased and the shielding 
improved. The purity of the negative-muon beam was im- 
proved by introducing the threshold Cerenkov counter C and 
using 1234C coincidences to select stopping muons. 


Beam 


Fig. 4.4 Determination of the energies of transt- 
tions in muonic atoms (Fitch and Rainwater) 
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Fig. 4.5 Measurement of transition energies 1n muonic atoms 
(Johnson et al.). The Nal( TI) crystal 6 1s removed from the 
beam, the shielding of the crystal is improved and its dimen- 
sions are increased. 1—5 are scintillation counters 


For photon energies below 100 keV there is a sharp 
reduction in the resolution of scintillation counters. For 
example, with the best Nal(Tl) crystals, the total width 
at half-height of the pulse-height spectrum produced by 
60-keV X rays .is about 25%. In this energy region, the 
mesonic-atom emission has been successfully recorded 
with proportional counters [8] filled with xenon which have 
a much better resolution (5% at 60 keV), but their detection 
efficiency decreases rapidly with energy. 

As an example of the use of the proportional counter in 
mesonic-atom spectroscopy, let us consider the emission 
by phosphorus shown in Fig. 4.11 (4F —> 3D,8D— 2P tran- 
sitions). 

Considerable success has been achieved during 1964- 
1966 in mesonic-atom spectroscopy. This was connected 
with the use of semiconductor (germanium) detectors doped 
with lithium. These detectors can be used to measure Y 
lines with widths of a few keV, and this opens up radically 
new possibilities. For example, it is possible to resolve 
the fine structure of K,L , M, and higher lines not only for 
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heavy mesonic atoms but even for those occupying inter- 
mediate positions in the periodic table. Moreover, relative 
intensities of the fine-structure lines, effects connected 
with the non-spherical shape of atomic nuclei, and isotopic 
effects have become measurable. 

Let us now consider typical results of measurements on 
X rays emitted by mesonic atoms which have been performed 
with an Nal(Tl) spectrometer, 

Fig. 4.6 shows the 2P—iS line recorded by Fitch and 
Rainwater [4]. Fig. 4.7 illustrates the analogous transition 
in the mesonic atom of Fe**, The line width in these experi- 
ments was quite large and amounted to a few tens of keV. 
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Fig. 4.6 Kg line of the muonic atom of Ti” (Fitch 
and Rainwater). Arrow indicates the expected 
energy for a point charge (R = 0) 
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Fig. 4.7 K, line for muonic atoms of Fe (Johnson et al.) 
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Fig. 4.8 Calibration of X-ray spectrometers: (a) the y line 
of C’“* (Butement et al.); (b) the K line of the mesonic 


atom of lead; (c) the 1.17- and 1.33-MeV Co® lines (John- 
son et al.) 
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Calibration and analysis were performed by comparing 
these spectra with the spectra due to known y transitions 
measured with the same spectrometer. The known y-ray 
lines were, for example, the 1.38- and 2.76-MeV lines of 
Na’, the 4.43-MeV line of C!? and C!* from the reaction 
Het + Be > Cl?* + n, and many others. Calibration of the 
spectrometers using known y-ray lines showed that a 
monochromatic y-ray line, for example, the 4.43-MeV 
line (Fig. 4.8), was reproduced by the Nal(Tl) spectrometer 
in the form of three lines at intervals of 0.51 MeV. The 
4.43-MeV line corresponds to the absorption of the entire 
y-ray energy in the spectrometer. The two other lines 
correspond to the escape from the crystal of one and two 
annihilation photons, respectively. Fig. 4.8 shows the spec- 
trogram for the 2P — /S transition in the mesonic atom of 
lead [4] which again shows the presence of three lines 
separated by 0.51 MeV. Fig. 4.8 also shows the calibration 
curve obtained with the Co” y-ray lines reported by Johnson 
et al. In this case, the pair production cross-section was 
small and the lines are represented by single photo-peaks. 
Comparison of the mesonic-atom spectra with standard y- 
ray spectra of known and similar energy wasused to deter- 
mine the energies of the mesonic-atom transitions for the 
K lines of heavy elements to an accuracy approaching 
1%, despite the fact that the line width was considerably 
greater. 

As an example illustrating the possibilities of the y-ray 
spectrometers incorporating solid-state detectors, we may 
quote the result obtained by Chasman et al. [61], who inves- 
tigated the spectra of 2P —> 1S transitions in the mesonic 
atoms of molybdenum (Fig. 4.9). As can be seen, the fine 
structure is clearly resolved. The energy difference be- 
tween the two transitions (2P 3—18, and 2Pi,— 1S1) is 
23.5 + 0.9 keV. Comparison of these spectra clearly shows 
the presence of the isotopic effect which amounts to A (Mo™ 
- Mo’) = +6.2 + 0.7 keV. 

Measurements by Cote et al. [62], who used an analogous 
detector to investigate the X-ray emission of muonic atoms 
of gold can be taken as another example (Fig. 4.10). Here 
again, the fine structure is clearly resolved. Moreover, it is 
evident that the 2Ps;,>/S1,,line consists of two, or perhaps 
even three, components. This hyperfine structure appears 
to be associated with the presence of a static quadrupole 
effect, considered by Wheeler [638]. 
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4.2.4 Mesonic X rays and the electric-charge distribution in the nucleus 


Determinations of the energy of mesonic-atom transitions 
are a sensitive means of investigating nuclear sizes and the 
electric-charge distribution in nuclei. It is evident that the 
finite dimensions of the nucleus must have a particularly 
strong effect on the 2P —/S transition energies. Theory 
shows that these energies are determined mainly by the 
second moment of the nuclear electric-charge distribution 
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Fig. 4.9 Fine structure ofthe K, line in the muonic 
X-ray spectrum of molybdenum and isotopic shift 
inMo”* and Mo™. The 2P, ,,>1S, ,, transition energy 
of Mo” and Mo™ is 2713.3 + 1.1 keV and 2707.1 + 
1.1 keV respectively 
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a = 4n z*odz 
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where \4nz%edz is normalised to unity. If we adopt the 


Simple assumption that the nucleus is a uniformly charged 
sphere of radius R, the relation between R and the para- 
meter a determined from mesonic-atom experiments 
becomes 


R = (54/3) 


In heavy nuclei the shift of the mesonic-atom levels rela- 
tive to the levels of the point nucleus (see Equation (4.3)) is 
large in absolute magnitude and is proportional to (ZR)?. 
For example, it is evident from Fig. 4.2 that, owing to the 
effect of the finite dimensions of the nucleus, the2P — 1S 
transition energy in lead changes from 16 MeV for a point 
nucleus to about 5 MeV for a nucleus of radius R = 1.3 
x 10°13 Alls cm. Measurements of the 2P — IS transition 
energy is thus a sensitive method of investigating the elec- 
tric structure of the nucleus. 
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Fig. 4.10 Fine structure of the K, line in muonic atoms of gold 
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Such experiments were first performed with the aid of 
the Nal(T1) scintillation spectrometer for the K lines of the 
mesonic atoms of Ti, Cu*®, Sb! and Pb*® by Fitch and 
Rainwater [4] and Butement [9]. Subsequent measurements 
by other workers were performed with a similar spectro- 
meter. However, various improvements in the experimental 
techniques connected with the higher intensity of muon 
beams, larger Nal(Tl) crystals, improvements in the cali- 
bration techniques and so on, have led to extensive data on 
the 2P-—-/S transition energies in different mesonic atoms. 
For example, Anderson et al. [65] have measured the 2P 
—+IS transition energies for 14 elements between Z= 12 
and Z = 50, while Frati and Rainwater [64] have performed 
similar measurements for Ti, Fe, Cu, Zn, Tl, Pb and Bi. 
The most detailed measurements of the various transition 
energies were performed by the CERN group. Backenstoss 
et al. [66] have investigated the 2P ->1S transition for 30 
elements with Z between 16 and 83. In a recent paper by 
Acker et al. [77], the Nal(Tl) phosphor was replaced by a 
lithium-doped germanium crystal. They used this method 
to investigate 19 elements with spherical nuclei between 
Z = 17 and Z = 83. Above Z = 50 they obtained excellent 
resolution of fine-structure lines due not only to the 2P 
— IS but also the 8D +z? transitions, and were able to 
investigate not only the transition energies but the fine- 
structure line intensities also. 

It was evident even from the first experiments of Fitch 
and Rainwater [4] that if the nucleus were considered as a 
Charged sphere, the radius of this sphere for Ti(Z 22), 
Cu (Z =29), Sb (Z = 51) and Pb (Z = 82) could be well 
represented by the formula 


R= roAl/s x 1018 cm 


where rọ lay between 1.17 and 1.22 

Subsequent measurements which we have already men- 
tioned confirm this conclusion, in the sense that the values 
of rọ deduced from the 2P —> /S transition energies were in 
good agreement with the values of r, deduced from other 
experiments which are sensitive to the electric-charge 
distribution. It is well known that all these experiments 
indicate that the electric radius of the nucleus is smaller 
than the nuclear radius. Among these experiments, the 
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largest values are obtained from experiments on electron 
scattering, and therefore the problem arises whether the 
nuclear-charge distribution deduced from measurements 
of the mesonic-atom transition energies are in agreement 
with, for example, the analogous data obtained by Hofstadter 
et al. who investigated electron scattering. This problem 
was considered in detail by Hill et al. [10], Ford and Wills 
[68] and Pustovalov and Krechko [69]. Comparisons of cal- 
culations with experimental data of mesonic-atom transition 
energies showed that the two sets of results on the electric- 
charge distribution parameters were in agreement to within 
a few per cent. 

Thus it is clear that there is again no evidence for any 
difference between electromagnetic interactions involving 
muons and nuclei on the one hand, and electrons and nuclei 
on the other. It is hoped that new experimental methods for 
the spectroscopic study of mesonic-atom emissions, which 
will yield information about the fine structure and the 
quadrupole and isotopic effects, will provide a means for 
further studies of the electromagnetic structure of the 
nucleus with the aid of muons. 

To conclude this section, let us consider data on some of 
the 2P — 1S transition energies reported in recent papers. 
These data are summarized in Table 4.1 and are partly 
taken from the paper by Anderson et al. [70] and the data 
of the CERN group. Columns 1 and 2 of the table show the 
element, while columns 3,4,5,6and7 give the experimental 
data and the transition energies. Columns 8 and 9 give the 
theoretical values of the 2P — 1S transition energies [68, 69]. 


4.2.5 Measurement of X-ray energies from light mesonic atoms 


Measurements on X rays emitted by light mesonic atoms 
have been used to deduce the muon mass to an accuracy of 
1 in 104, This was done by using distant transitions in light 
mesonic atoms, so that corrections to the transition energy 
due to the finite dimensions of the nucleus and other effects 
were small. The mesonic-atom X-ray energies can be de- 
termined with great accuracy from the well-known rapid 
reduction in the X-ray absorption coefficient which occurs 
when the energy of the X raysis less than the energy neces- 
sary for the removal of an electron from the K shell of the 
absorbing atoms (the K edge of the absorption curve), Such 
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measurements were first performed by Koslov et al. [11] 
for muonic atoms and by Stearns et al. [12] for pionic atoms. 
The mesonic-atom X rays emitted by the target in which 
the mesons came to rest were recorded by a scintillation 
spectrometer. By placing different absorbers with mono- 
tonically decreasing Z between the target and the spectro- 
meter, it was found that there was a rapid reduction in the 
intensity of a given line for the absorber for which the K 
edge on the absorption curve was near the energy of the 
given transition. At about 50 keV, the K levels of neigh- 
bouring elements differ by approximately 1.7 keV, and 
therefore this method will not yield a precise value for 
the X-ray energy. It is only by selecting suitable transi- 
tions that the upper and lower limits of this energy can be 
established accurately and the pion and muon masses be 
determined with high precision. 

The nature of the meson-nucleus interaction, the finite 
dimensions of the nucleus, electron screening, vacuum 
polarization and other corrections must be applied before 
the meson mass can be established from the measured 
X-ray energy. These corrections are very small for tran- 
sitions between outer orbits inlight elements andcan mostly 
be neglected. The most important is the correction due to 
vacuum polarization. Table 4.2 gives the limits for the muon 
mass obtained by Koslov et al. 

According to these data, the mass of the muon must be in 
the range 


(206.77 = 0.04) me < my < (208.95 + 0.04) me 


A similar method was used for the 4F— 3p transition in 
mesonic atoms of P, Al and K [12] to obtain the limits for 
the pion mass. The result was 


(272.2 + 0.30) Me < Ma < (273.51 = 0.04) me 


A knowledge of the muon mass is very important for the 
determination ofits magnetic moment: the error inthe meas- 
ured magnetic moment of the muon by the spin-precession 
method in a magnetic field is almost entirely determined by 
the error in its mass. The experimental situation connected 
with the determination of the muon mass from the absorption 
of X rays from mesonic phosphorus atoms by the K edge of 
lead has therefore been carefully re-investigated. Bearden 
[13] has determined the energy dependence of the A-ray 
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Table 4.2 Muon mass in units of me 


Muon mass 


Without 
correction 
for vacuum 

polarization 


Transition 
energy, keV 


Element Transition 


W ith 
correction 


C <209.99 <208.95 
P > 207.55 > 206.77 
> 206 .82 > 206.47 


absorption coefficient of lead between 87,85 and 88,15 keV 
very accurately. This experiment was carried out with a 
double crystal spectrometer using the 2023 plane of quartz 
as a diffraction grating. The X rays were produced by a 
commercial high-voltage tube and the detector was an Nal (T1) 
scintillator. The distances between the source, thefirst crys- 
tal, the second crystal and the detector were all equal tol m, 
and the signal-to-background ratio was never less than100. 
The measured dependence of the absorption coefficient on 
photon energy for a 98% pure lead foilis shown in Fig. 4.11. 

Petermann and Yamaguchi [14]then calculated the 8D — 2P 
transition energies for the mesonic atoms of phosphorus. 
For these transitions, the corrections for the finite dimen- 
sions of the nucleus are about 3.2eV,and the most important 
correction is that for vacuum polarization which amounts to 
329.23 eV. The algebraic sum of all the remaining correc- 
tions, including the fourth-order correction for vacuum- 
polarization screening by atomic electrons, the Lamb shift 


Pe Lene 
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X-ray energy 
Fig. 4.11 X-ray absorption coefficient for lead as a 
function of energy near the K edge (Bearden) 
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and so on, amounts to 0.34 4 2.0 eV. These calculations led 
to the following transition energies for the mesonic atom of 
phosphorus: 


3Ds/,—2Ps/, :425.42-““"(eV), relative intensity = 1 


e 


m 
3Ds/,—2Ps/, :425.65-— = (eV), relative intensity = 9 


e 


3D3/,—2P1/, :497.75-—"* (eV), relative intensity = 5 


where m,/m,. is the ratio of the mass of the muon to the 
mass of the electron. The level scheme is shown on the 
right-hand side of Fig. 4.12 (not to scale). To illustrate 
these results, Fig. 4.12 shows the position of the two main 


IDa > 2P Dy > thy, 
(2) 
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Fig. 4.12 Position of the two main intensity com- 
ponents for the 3D — 2P transition in the muonic 
atom of phosphorus relative to the K edge of the 
absorption curve for lead for three different muon 
masses: (1) my = 206.56m,; (2) my = 206.74m,; 
(3) my = 206.92m,. Numbers in brackets represent 
the relative intensity of the transition 
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components of the 3D — 2P transitions on the curve repre- 
senting the absorption coefficient of lead as a function of 
energy for the following assumed values of the muon mass. 


(1) mty = 206.56 me, (2)1, = 206.74 me, (3) my = 206.92 m, 


The corresponding measurements of the absorption of 
X rays from 8D -- 2P transitions in the mesonic atom of 
phosphorus by lead were performed by the Chicago [15] and 
Columbia [16] groups. These measurements were carried 
out by two methods: in the first case [15], the absorption 
was measured with an Nal(Tl) scintillator counter, and in 
the second [16], with a xenon-filled proportional counter 
(2.5 atm Xe + 2.5 cm HgCH,). Fig. 4.13 shows a typical spec- 
trum obtained with the proportional counter. The absorber, 
which was in the form of athinlead foil, was placed between 
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Fig. 4.13 Typical spectrum of the muonic-atom emission 
by phosphorus measured with a proportional counter filled 
with xenon (2.5 atm). The upper curve was obtained with- 
out the lead filter in front of the proportion counter; the 
lower curve with the filter. The disposition of counters 
1-5 is shown in the upper part of the drawing 
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the target made of red phosphorus (2 g/cm?) and the window 
of the proportional counter. The counter was calibrated with 
an Am?’ source (60-keV line). The upper experimental 
curve corresponds to the spectrum measured without the 
lead foil between the phosphorus target and the proportional 
counter. The lower curve was obtained with an 0.01-cm lead 
foil. Transitions corresponding to the measured lines are 
indicated in Fig. 4.13. 

The families of curves shown in Fig. 4.14 were obtained 
for five values of the muon mass between 206.62 im, and 


Fig. 4.14 Absorption curve for ra- 
diation due to the 3D — 2P tran- 
sition in the mesonic atom of phos- 
phorus. Curves 1-5 were calculated 
trom the Bearden absorption curve 
using the following assumed values 
of the muon mass: 1 —206.62m, 
2~-206.68m,; 3-206.74m,; 4- 
206.80m.; 5 — 206.86m,. The broken | 
curve through the experimental 9 AGI QO? 403 Q04 
points corresponds to my = 206.76 me Absorption thickness, mm Pb 


206.86 m, in steps of 0.06 m, (with corrections for the 
geometry of the experiment), The three experimental points 
are shown and the best fit (dashed line) which corresponds 
to a muon mass of 206.76m,. Analysis of the experimental 
errors leads to the following value for the muon mass 


my = (206.76 29:03) Me 
Similar measurements carried out with the scintillation 
spectrometer yielded 

my = (206.74 25:03) Me 
in the case of the Chicago group, and 


-+0.03 


My == (206.782002) Me 
in the case of the Columbia group. These measurements are 
the most accurate determinations of the muon mass at the 


present time. 


Intensity 
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4.2.6 X-ray yield of muonic atoms and emission of Auger electrons 


First let us briefly review the theory of radiative and non- 
radiative transitions in muonic atoms, as given by Burbidge 
and de Borde [17, 18] and by other workers [19-24]. It is 
well known that the probability of radiative transitions be- 
tween an initial state (n, 4)and final state (nə, /.) of an atom 
is proportional to the cube of the energy difference between 
these two states and the square ofthe dipole matrix element 
for the transition. Fig. 4.15 shows the radiative transition 
probabilities calculated by Burbidge and de Borde for the 
following changes in the principal and orbital quantum 
numbers: 


(4=nmb=n—l)o>(na=n—l,l == ay — 2) 


These radiative transitions are found to be dominant, 
The five parallel straight lines in Fig. 4.15 correspond 
to n = 2, 3, 4, 5 and 8. As can be seen, the radiative 
transition probability falls off rapidly with increasing n. 
The figure also shows the probability of Auger transitions 
with the same change in n and l. It is evident that the 
probability of Auger transitions is a very slowly-varying 
function of the nuclear charge Z, but increases rapidly 


-l 


Transition probability, sec 


Fig. 4.15 Probability of main radiative 
transitions in muonic atoms (R) and 


7 2845 10 DHL 100 Auger transitions (A) (Burbridge and 
Atomic number de Borde) 
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with increasing n. lt is also evident from the graphs of 
the transition probabilities that Auger transitions in light 
elements predominate for n greater than 3, whilst in heavy 
elements radiative transitions are comparable with Auger 
transitions for large n, The low probability of emission 
of Auger electrons by a muon in the lowest-lying orbits 
has a simple explanation. In the state with n = 2 , the 
mesonic orbit has a radius which is smaller by a factor 
of about 50 than the K -shell radius for an electron, whilst 
the radius of the mesonic orbit in the state with n =1is 
smaller by a factor of 200. Consider the transition of a 
muon from the 2P state to the /S state. For an electron 
in the K shell, and even more so for electrons in the more 
distant shells, the field produced by a muon in this transition 
is identical with the field of a dipole placed at the nucleus 
of the mesonic atom. In a field of this kind, the Auger 
transition can only compete with the radiative transition 
if the distance between the electron and the dipole is much 
less than the wavelength corresponding to the transition 
energy. This is analogous to the condition that the electron 
should not lie in the wave zone of the dipole but be directly 
in the Coulomb field. The condition may be written as 
kRo<1, where R. is the radius of the electron K shell 
and à = 2n/k the wavelength. If the nuclear charge is Z 
and the muon is in the n = 2 shell, then 


3faun\ Z 7? 
Raw 3 (2) =~ 0.6 (4.6) 
8\m/Z—1 VAEN 


where u/m is the ratio of the muon mass to the mass of 
the electron. For Z as low as 3,the product AR. is approx- 
imately equal to 3, and Auger transitions cannot lead to a 
reduction in the yield for the K line. This very approximate 
calculation shows that Auger transitions should not compete 
with radiative transitions for small n in light elements. 

We note that the entire cascade of transitions, beginning 
with the first level to which the negative muon is captured, 
must be considered in determining the radiative and non- 
radiative transition probabilities. The screening of the 
nuclear charge by the electron shells need not be taken 
into account, however, because the principal quantum num- 
ber is sufficiently large for the negative muon whose orbit 
coincides with the electron K orbit (it is evident from the 


formulae that in this case n ~ V mulMe = 14). For such 
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large n, the energy of the first few transitions is too small 
to produce Auger electrons. This energy is even lower for 
larger n, and therefore the analysis of the cascade usually 
begins with n= 14. 


4.2.7 Experimental X-ray yield inthe K and L shells of mesontc atoms 


A mesonic atom which is excited as a result of negative- 
muon capture in one of its shells with a large principal 
quantum number n can release its excitation energy either 
through a radiative transition by emitting a photon, or 
through a non-radiative transition, in which the excitation 
energy is transferred to one of the electrons (emission of 
Auger electrons). The theory of radiative and non-radiative 
transitions in mesonic atoms, which was discussed above, 
shows that the yield of X raysinthe K shell should approach 
100% for all mesonic atoms, and that it is only in the L 
shells of atoms with Z< 10 that appreciable departures 
from 100% yields become possible as a result of a competing 
Auger process. 

Measurements of the X-ray yield of a mesonic atom may 
be reduced to the determination of the number of X-ray 
photons emitted by the target per stopping muon. Such mea- 
surements have been performed for the K and L shells by 
Stearns et al. [25, 26] for elements between Li (Z = 3) and 
K (Z=: 19), andasharp discrepancy between theory and ex- 
periment was observed. The X-ray yield from the K and 
L shells of light muonic atoms was found to be much lower 
than predicted by the theory. Lathrop et al. [27] repeated 
the measurements of Stearns et al. under improved ex- 
perimental conditions using the muon beam of the Chicago 
accelerator (Fig. 4.16). In this figure 1,2,4,5 and 6 are 
plastic scintillators, 3 is a Cerenkov counter used to elim- 
inate the electron contamination of the muon beam and X is 
an Nal(T1l) scintillator used to detect the X-ray emission of 
mesonic atoms produced in the target T in which the muons 
come to rest, 

The results obtained by Stearns and Stearns [25] and 
Lathrop et al. [27] are shown in Fig. 4.17, where the num- 
ber of photons per stopping muon is plotted as a function 
of the nuclear charge Z (and the corresponding energy of 
the principal transition of the K or L shells). Fig. 4.17a 
gives the relative yield for the K shell and Fig. 4.17b the 


ia 


l | 
A 
| —Y Pb 
60-em lead 


1, 2, 4, 5, 6 — plastic scintillators; -3 — Cerenkov 
counter; X — Nal crystal; A,, A, A, — absorbers; 
T — target in which the negative muons are brought 
to rest 
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Fig. 4.16 Measurement of the X-ray yield in the K and 
L series of light muonic atoms (Lathrop et al.,) 
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Fig. 4.17 X-ray yield of muontc atoms(Stearnes et al. 
and Lathrop et al.) 
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yield for the L shell. The data of Stearns and Stearns are 
indicated by the black circles. Their results appear to in- 
dicate that the X-ray yield of light mesonic atoms tends to 
a limit of 80-85%. Since the probability of radiative transi- 
tions is proportional to the fourth power of the nuclear 
charge, whilst the probability of Auger transitions is ap- 
proximately independent of Z (cf. Fig. 4.19), the observed 
X-ray yield should obey the following relationship: 


7" 
CEZ 


yz 


(4.7) 


The data of Stearns and Stearns can be represented by this 
function, but the experimental value of C is higher by a 
factor of about 300 than the expected value for the K shell, 
and by a factor of about 30 for the L shell. The data of 
Lathrop et al. (open circles in Fig. 4.17) did not show such 
low yields and indicate a deficiency which is lower by a 
factor of about 10 compared with the results of Stearns and 
Stearns. For example, according to Stearns and Stearns the 
value of C for the K shell is about 400, but according to 
Lathrop et al. it is approximately 45. A similar discrepancy 
occurs for the L shell. The discrepancy between experiment 
and theory has thus become much less startling, and its 
magnitude could be explained by the initial statistical dis- 
tribution of the muons over the different possible values of 
the orbital angular momentum for a given principal quantum 
number n. It may be supposed that the effect observed by 
Stearns and Stearns was due to experimental errors, e.g. 
a reduction in the photon-detection efficiency at low photon 
energies. This appears even more probable in view of the 
fact that a similar effect was obtained for pionic atoms. 


4.2.8 Emisson of Auger electrons from muonic atoms 


ít is reasonable to suppose that a true reduction in the 
intensity of radiative transitions should be accompanied by 
an increase in non-radiative transitions, i.e. transitions 
accompanied by the emission of Auger electrons. Studies 
of the yield of Auger electrons in light and heavy mesonic 
atoms are therefore of particular importance. 

Until recently, practically the only method of observing 
Auger electrons from mesonic-atom transitions has been 
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Fig. 4.18 Decay of a negative muon 
in an emulsion. An Auger electron 
of about 50 keV (wavy track) was 
emitted as a result of cascade 
transitions of the negative muon 
in the muonic atom 


to use nuclear emulsions. Fig. 4.18 shows atypical example 
of a slow muon coming to rest in an emulsion, followed by 
the emission of an Auger electron. The photograph shows 
the track of the slow muon coming to rest and decaying. 
The straight track with low grain density is the relativistic 
decay electron. The wavy track originating at the point of 
decay is an Auger electron with energy of about 50 keV. 
Since both the slow electron and the decay electron are 
observed there is no doubt that the former must be an 
Auger electron, since the muon decayed and was not cap- 
tured by a nucleus. Nuclear y radiation which could be 
converted into electrons is therefore not present in this 
case. 

The energy of Auger electrons in nuclear emulsions can 
be determined by measuring their range, but since these 
electrons have highly scattered tracks, such measurements 
are very inaccurate. At low electron energies there is a 
further uncertainty due to straggling and fluctuations in the 
number of developed grains. Moreover, the detection ef- 
ficiency for Auger electrons is limited at low energies by 
the minimum electron range which can be recorded ina 
nuclear emulsion. If we assume that the presence of three 
or four grains is sufficient to reliably identify the track of 
a slow Auger electron in an emulsion witha low background 
grain density, then we çan, only. identify Auger electrons 
with energies, greater than 20725,keVonandpelow 20 keV 
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there is a very rapid reduction in the detection efficiency. 
Hence although nuclear emulsions can be used to detect 
Auger electrons with energies above 20 keV, measurements 
of their energy spectra are only qualitative. 

We shall now review the main experimental dataon Auger 
electrons observed in nuclear emulsions. The first such 
observations were carried out by Cosyns et al. [28], Bonetti 
and Tomasini [29] and Fry [30]. The first two papers used 
slow cosmic-ray muons stopping in emulsions. Fry used 
negative muons from the decay in flight of negative pions 
from an accelerator. The energy spectrum he obtained is 
shown in Fig. 4.19. Of 1000 stopping muons observed in the 
emulsion 358 produced visible tracks of decay electrons, and 
only 32 gave rise to visible stars. There were 17 slow elec- 
trons among the 358 u` => e decays, most of which occurred 
after the capture of the negative muons by light nuclei in the 
emulsion. Of the remaining 610 events, 355 were ọ events 
which were not accompanied by the appearance of a visible 
secondary track. In 180 cases there was a single track of a 
slow electron, in 57 cases two such tracks, and in 18 cases 
three tracks, 

Weissenberg [31] and Pevsner et al. [32] carried out 
a more detailed study of mesonic-atom Auger transitions in 
nuclear emulsions, in connection with the problem of the 
low X-ray yield from the K’and L shells of mesonic atoms 
of light nuclei. The first of these papers reported an analysis 
of 600 stars produced as 7a result of negative-muon capture 
by light nuclei in the nuclear emulsion. The presence of a 
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visible track due to the recoil nucleus in such stars was 
used to identify them with negative-muon capture by light 
nuclei. Among the 600 stars there were only two cases with 
Auger electrons having energies of approximately 20-25 keV, 
It is interesting to compare this result with the theoretically 
predicted number of Auger electrons. This can be done by 
using the calculated Auger-electron yield for mesonic atoms 
of C, N and O reported by Eisenberg and Kessler [21], and 
by assuming the validity of the Z law of Fermi and Teller 
for the distribution of stopping negative muons among light 
emulsion nuclei. If it is assumed that Auger electrons with 
energies greater than 20 keV can be effectively detected, 
the expected number of Auger electrons is about 5-10, which 
agrees with the experimental result to within the statistical 
error. If the deficiency in the X-ray yield was of the order 
indicated by the experiments of Stearns and Stearns, and 
was compensated by a corresponding increase inthe Auger- 
electron yield, then one would expect about 200 low-energy 
Auger electrons. It may therefore be concluded that the 
yield of Auger electrons from light mesonic atoms in the 
emulsion is in qualitative agreement with the value predic- 
ted by the theory of non-radiative transitions. A similar 
conclusion was reached by Pevsner et al. [382]. 

The above data on Auger electrons are largely qualitative, 
but they do nevertheless indicate the absence of appreciable 
anomalies in the emission of Auger electrons by light and 
heavy muonic atoms in emulsions. This throws doubt on the 
validity of the deficiency of radiative transitions detected by 
Stearns and Stearns in the K and L shells of light mesonic 
atoms, especially since the subsequent work of Lathropet al. 
reduced this effect by approximately one order of magnitude. 


4.3 PRODUCTION OF u+,” PAIRS BY PHOTONS 


If the interaction of muons and electrons with the electro- 
magnetic field is basically the same, then the well-known 
formulae of Bethe and Heitler for the electron-positron pair 
production cross-section should also be valid for u*, u` pair 
production. All that is necessary is to reduce the cross- 
section in the ratio (m,/m,)* ~ (1/207)? , and take into account 
the nuclear form factor. The latter modification is due to 
the fact that there is a large momentum transfer to the nu- 
cleus -during-the meson pair production process. In’ fact, 
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even if the u’, u` pair production occurs near the threshold, 
the momentum transfer to the nucleus is about 200 MeV/c. 
The de Broglie wavelength corresponding to this minimum 
momentum is 


ka E E cm (4.8) 


which is less than the dimensions of the nucleus, The corres- 
ponding cross-sections have been calculated by Rawitscher 
[33] on the assumption that the nuclear charge is uniformly 
distributed in a sphere of radius Rọ = 1.20 x 107" A" cm. 
The final result may be written in the form 


2 

d*o =à) Pal l T (4.9) 
qdQdeE mi) \2Qn Mic, 

where d’a/dQ dE is the cross-section for wu", p“ pair pro- 
duction for which one of the components has a fixed energy 
E and is emitted at an angle of 10° to they-ray beam, 
D= (i)e = Z*-5.793-107% cm*, ( ro is the classical radius 
of the electron), m,c? = 106 MeV is the rest energy of the 
muon and T is a function representing the effect of the 
nuclear form factor which depends on the photon energy. 
T is plotted as a function of photon energy in Fig. 4.20. 
The two families of curves shown in this figure correspond 
to the production of muons with energies of 101.0 and 251.9 
MeV, which in turn correspond to y-ray energy thresholds 
of 312.6 and 463.4 MeV respectively. The graph shows the 
variation of T for a point charge and for nuclei with mass 
numbers A = 27, 63, 207 and 238. It is evident that the 
nuclear form factors have an important effect onthe cross- 
section. The ordinates of the curves multiplied by 


o{_.\ (+W | = 2z?.2.0346-10 2/MeV 
E) z 106 em */Me 


yield the cross-sections for the production of meson pairs 
and are found to be lower by 6-7 orders of magnitude than 
the cross-sections for the electron-positron pair production, 
i.e, are very small. 

. The first experiments in which muon pair production 


by. photons. was, pbseryed, wenesgarried,outithbyaMasek and 
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Fig. 4.20 Cross-section for ut, w pair pro- 
duction by photons. The left-hand family of 


curves corresponds to a muon energy of 101.0 
MeV; the right-hand family corresponds to a 
muon energy of 251.9 MeV. In all cases the 
angle between the momenta of the photon and 
of the observed muon is 10° 


Panofsky [34] and Masek et al. [35], using the Stamford 
linear electron accelerator. An electron beam with energy 
of 450, 575 or 600 MeV traversed an aluminium target. 
Bremsstrahlung photons produced muon pairs in the target, 
and the experiment consisted of recording negative muons 
leaving the target. The experiment is illustrated in Fig. 
4.21, which shows the direction of the electron beam, the 
aluminium target and the channel in the magnetic field for 
the transmission of the negative muons, Charged particles 
emitted from the target at 10° to the y-ray beam (approx- 
imately 30° in another experiment) entered a deflecting 
magnet and, after passing through a channel in this magnet 
and through an absorber A», struck absorber A; which was 
sufficiently thick to stop muons which had been deflected 
through the channel. The mesons came to rest and decayed 
in A, and their decay electrons were recorded by a scin- 
tillation counter telescope. 

The distribution of decays over the channels ofthe delayed 
coincidence system was used to determine the muon lifetime, 
and hence to verify that the system was recording muons. 
Although this method is very simple in itself, it leads to 
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Absorber A, 33.5 gm/ cm C, Al (eorly run), Absorber A, 41.3 gm/em C (eorly runs), 
8 gm/cm Li, Mg (late run), counter tele- 79.0 gm/cm C (late runs), 
scopes located above and below obsorber 
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Fig. 4.21 ut, w pair production by photons (Masek and Panofsky). The 
electron beam from a linear accelerator is deflected by the magnet on to 
the aluminium target. The trajectory of the observed muon is indicated 
by the broken line (the muon is produced by bremsstrahlung photons) 


considerable practical difficulties, the most important being 
that the measured effect was small by comparison with the 
muon background due to x —> u decays in the target, in the 
absorber A, and in its immediate neighbourhood. m —> u — e 
decays in the target itself were excluded by the fact that 
only negative muons were recorded: negative pions stopping 
in the target were captured by the nuclei and therefore could 
not produce negative muons. To reduce the background due 
to n — u decays in flight, the absorber A, was introduced 
to stop pions emerging from the magnet channel. Another 
source of background was the appreciable number of 
neutrons which accompanied each electron pulse. These 
neutrons were moderated for a few microseconds and could 
enter the scintillation counters of the electron telescope 
and be counted as a result of the conversion of y rays from 
(ny reactions. In order to reduce this background, A; was 
made of either carbon or aluminium or, in another variant 
of the experiment, of lithium or magnesium. Since the p`- 
capture probability for a light nucleus is proportional to 
the fourth power of the nuclear charge, a change of a carbon 
target (Z = 6) for an aluminium target (Z = 13) of the same 
stopping power should considerably reduce the effect (by a 
factor of more than 8) without affecting the background. In 
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this way it was possible to separate negative-muon decays 
from the neutron background. 

The measurements were carried out by a relative method: 
a determination was made of the ratio of the pu production 
cross-section to the cross-section for the photo-production 
of positive pions. This was due todifficulties in the absolute 
calibration of the instrument. The cross-section for the 
photo-production of positive pions is almost isotropic in 
the angular range 10-30°, whilst the cross-section for muon 
pair production was expected to be strongly anisotropic. 
For example, it should fall by a factor of 2 between 10-30%. 
Hence practically the entire effect measured at large angles 
was due to the muon background from the decay in flight of 
pions produced by the photons. The muon production cross- 
section was therefore determined as follows. 

For a given (small) angle and given currents in the coils 
of the deflecting magnets, two measurements were carried 
out with the absorber A; having first a small and then a 
large nuclear charge (Al followed by C or Mg followed by Li). 
The difference in the counts obtained withthetwo absorbers 
is a measure of all effects leading to the production of neg- 
ative muons. To reduce the background due to % — u decays 
in flight, it is necessary to subtract the corresponding 
difference obtained at large angles. The production cross- 
section for muons at, say, 10° was thus determined by 
measuring the following cross-section differences: differ- 
ence for 10° (C - Al) less the difference for 30° (Ca - Al) 
or the same for the Mg - Li differences. 

The results obtained for an aluminium target and photons 
with a maximum energy of 600 MeV are given below. The 
cross-section difference Ao, for negative-muon production 
at 10° and 30° and at 12° and 23° obtained in two series of 
measurements for 190-MeV negative muons was found tobe 


4.99). 107% cm?/sterad MeV 


Ac, exp (10—30°) = (11.389 Æ 
m i = (764 + 4.58)-10°34 cm?/sterad MeV 


AGy exp (12—23 
For 210-MeV negative muons the result was 


AOp exp (12—23°) = (9.84 E 1.86). 10°73! cm?/sterad MeV 


whilst the corresponding theoretical values predicted by 
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Rawitcher [40a] are 


Atheor = 5.6:10°3! cm?/sterad MeV 
Athoor = 4.3-10°3* cm?/sterad MeV 
Actheor== 4.7:1073* om 2/sterad MeV 


The average ratio of the measured to calculate cross- 
sections can be shown from these data to be 
Ad exp 1 49-034 


7 theor 


This result was substantially improved by Alberigi- 
Quaranta et al. [36] using the Frascatti electron synchrotron 
which produces 1-GeV electrons. Alberigi-Quaranta ob- 
served uw’, uw pairs produced by bremsstrahlung photons 
in graphite at about 10° to the direction of the photon beam. 
The momentum of the negative muons exceeded 446 MeV/v, 
while the momentum of the positive muons selected by the 
magnetic spectrometer lay in the range 330-393 MeV/c. 
The ratio of the experimental to the theoretical muon pair 
production cross-section was found to be 


AG exp _.1 0040.08 


Ac theor 


An important advance in the region of high momentum 
transfers tothe muon pair was recently achieved by DePagter 
et al. [71] who used the bremsstrahlung beam (maximum 
energy of 5 GeV) from the Cambridge electron accelerator, 
The muon pair was recorded by two identical telescopes 
located symmetrically on either side of the y-ray beam 
(Fig. 4.22), The counters shown in the figure were in fact 
composite hodoscopic systems of 154 counters. The hodo- 
scopic system was capable of separating the polar angle 
range defined by the telescope (4.5-11.5°) into nine equal 
intervals, and the ranges of the muons into five intervals 
corresponding to energies between 1.8 and 2.4 GeV. The 
transferred momentum region corresponding to q? between 
1.38 and 8.0 F * was investigated. In this region of g*, the 
ratio of the measured to expected muon pair production 
cross-section is 

AG exe w] 1840,15 
AOtheor 
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Fig. 4.22 Measured muon pair production cross-section [71] (Cambridge 
electron accelerator) 


It is thus evident that the measured production cross- 
section is in agreement with the electromagnetic theory 
throughout the range of transferred momenta which was 
investigated (200 MeV/c to 1 GeV/c approximately), 


4.4 SCATTERING OF MUONS BY NUCLEI 


The scattering of high-energy muons by nuclei is very 
easy to observe and shows that the electromagnetic inter- 
actions of fast muons are identical with the electromagnetic 
interactions of fast electrons. Hoffstadter et al. [37] have 
measured the scattering of electrons by nuclei for large 
momentum transfers up to electron energies of about1 GeV. 
Experiments involving muons may therefore be reduced to 
the comparison of the scattering of muons by nuclei with 
the scattering of electrons. In practice this means that in 
comparing the experimental data on muon scattering with 
theoretical predictions, one must use the electron~nucleon 
and electron-nucleus form factors obtained from electron- 
scattering data. If muon-scattering data turn out to be in 
agreement with a scattering theory in which the structure 
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of the nucleon and of the nucleus is deduced from electron 
experiments, one can conclude that the electron and meson 
form factors are the same, i.e. that both the electron and 
the muon interact in the same way with the electromagnetic 
field of the nucleus. 

A large number of scattering experiments involvinghigh- 
energy muons have been carried out during the last decade. 
Most of them were performed with cosmic rays, and only a 
few with high-energy muons produced by accelerators. 

Many of the cosmic-ray experiments indicated the ex- 
istence of the ‘scattering anomaly’, i.e. scattering which 
cannot be described within the framework of theusual elec- 
tromagnetic interaction between the muon and the nucleus. 
However, other very careful experiments with cosmic-ray 
muons did not show the presence ofthis anomaly. A detailed 
review of all these experiments has been given by Fowler 
and Wolfendale [38]. An analysis of cosmic-ray data on the 
anomalous scattering of muons shows that, whenever this 
scattering was observed, it was not possible to reduce 
completely the background of particles which interacted 
strongly with nuclei (protons, piéns and other nuclear- 
active particles). Moreover, high-energy muon scattering 
using cosmic-ray muons is subject to considerable errors 
due to uncertainties in the momentum of the incident muon, 
and finally the statistics of all these measurements have in 
general been exceedingly poor. It may therefore be con- 
cluded that there is no definite evidence for the existence 
of anomalies due to non-electromagnetic interactions be- 
tween muons and nuclei. 

The production of high-energy muon beams by accel- 
erators enabled these experiments to be repeated under 
much improved conditions, i.e. with accurately known 
muon energy, good geometry and the absence of particle 
impurities in beams whose intensity was higher than the 
cosmic-ray intensity by several orders of magnitude. 

The muon beams are usually produced in basically the 
same way. First, a high-intensity pion beam is produced, 
and the muons originating in pion decays in flight are col- 
lected and focused by magnetic fields. The production of 
high-intensity pure muon beams is facilitated by the fact 
that a muon is a relatively long-lived particle (t ~ 2.2 
x 10sec), whilst the mean life of the pion is lower than 
this by two orders of magnitude. Therefore, if one forms 
a muon beam from pion decays over a large path length, 
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most of the pions will be removed by decays at the end of 
the path. If muons of given momentum can then be collimated 
by magnetic fields, it is possible in principle to produce a 
pure muon beam. 

Let us consider the 2-GeV muon beam of the Berkeley 
Bevatron which is a 6.3-GeV proton synchrotron [39]. The 
muon beam is derived from a high-intensity pion beam of 
3.5£0.3 GeV/c, and magnetic analysis is used to separate 
muons with momenta of 2 GeV/c from the main pion beam. 
The kinematics of n —> u decay for a 3.5-GeV/c pion is 
shown in Figs. 4.23 and 4.24. Fig. 4.23 shows the depen- 
dence of the angle of emission of the muon in the laboratory 
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system on the muon momentum, whilst Fig. 4.24 shows the 
muon momentum spectrum in the laboratory system. It is 
evident that the muon beam is collimated in the direction 
of the primary pion beam (the maximum angle of emission 
of a muon in the laboratory system is + 0.68°) and is uni- 
formly distributed in momentum between the minimum of 
about 0.6 Pa corresponding to a backward decay in the pion 
system, and the maximum of 3.5 GeV/c, which is taken up 
by a muon emitted in the direction of the primary pion. 

The experimental arrangement at the Bevatron is shown 
in Fig. 4.25. The target T, intercepts the proton beam and 
serves as the source of pions. Magnets M, and M, and quad- 
rupoles Q, and Q: select and focus pions with momenta of 
3.5 GeV/c leaving target 71. About 6% of the 3,5-GeV/c 
pions decay in the space between M2 andthe deflecting mag- 
net M; which separates 2-GeV/c muons from the main 3.5- 
GeV/c pion beam. Magnet M , produces further clearing of 
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Fig. 4,25 Arrangement for producing the 2-GeV/c muon 
beam with the Berkeley bevatron. This beam has been 
used to measure muon scattering for momentum transfers 
up to about 0.4 GeV 


the muon beam and deflects pions which have entered the 
beam through scattering, and electrons originating in u — e 
decays in flight. Electrons lose energy by producing cascade 
showers in an 0.6-cm lead plate placed in front of magnet 
M, and are deflected out of the beam. 

The pion impurity in the beam thus produced is not more 
than 3%, but this has an appreciable effect on muon-scatter- 
ing studies. The differential Coulomb cross-section for 
muons on nuclei in the energy range between 2 and 3 GeV 
is of the order of 10° cm?/sterad, whilst the differential 
cross-section for pions is of the order of 10 °*%cm?/sterad. 
Hence to ensure that the background from the scattering of 
pions should be less than 10% of the expected effect due to 
muons, the pion impurity must be less than 1 in 10+. 

An iron filter, 105-cm thick, was used to remove the re- 
maining pions from the muon beam. The thickness of this 
filter is about 7 radiation lengths for pions, whilst the energy 
spread of 2-GeV/c muons due to ionization losses in the 
filter is not more than 0.15 GeV. In addition, a gas-filled 
Cerenkov counter was placed in the beam, and used to 
exclude particles with velocities smaller than the velocity 
of 2-GeV/c muons. These measures succeeded in reducing 
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the relative proportion of pions inthe beam to about 5 x 108, 
A chamber designed for studying the scattering of muons by 
nuclei was placed in the path of the final focused muon beam. 
The chamber used by Masek et al. [39] is shown on an en- 
larged scale in Fig. 4.26. It forms a hodoscope consisting 
of scintillation counters in four identical blocks A4, Ag, Ac 
and A). Each block consisted of 20 scintillators arranged as 
shown in the upper part of the drawing. Scintillator blocks 
A 4 and An defined the direction of the muon before it entered 
the scattering target (lead or carbon) placed immediately 
behind Ar, whilst blocks Ay and Ar or A,and Ap defined 
the direction of the scattered muon, Eachofthe scintillators 
was viewed by its own photomultiplier. Pulses from the 
photomultipliers were fed into a delay line, and finally to 
the deflecting plates of a quadrupole-beam oscilloscope 
whose screen was photographed. 

The identification of scintillators traversed by the muons 
in blocks A,, Ap, Ay and A, was achieved by measuring 
the delay of the pulses relative to a gating pulse. This was 
produced by coincidences between S,, Sz, S3, S, and S; or Sy. 
Pulses from the Cerenkov counter C and the shielding 
counters S; and S,, which excluded events in which the muon 
was accompanied by high-energy ô rays, were also photo- 
graphed from the screen of the oscilloscope. Counters C and 
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Fig. 4.26 Scattering chamber for 2-GeV/c negative muons: 
Aa,AB, AC and Ap arehodoscope scintillation counter arrays. 
Each system consists of 20 scintillators (ch upper part of 
the figure in which the arrow indicates the direction of the 
muon beam). A lead or graphite target was placed behind Ag. 
The shielding counter S° surrounds S‘; C is the Cerenkov 
counter «S TX 
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S, were used to exclude the pionimpurity in the muon beam. 
The system permitted the detection of scattered muons in 
the angular range between 2° and 14°. In addition, nuclear 
emulsions were placed in the muon beam as indicated in 
Fig. 4.26. They were used to determine the angular distri- 
butions between 0.5° and 3°. 

734 m of track were followed in nuclear emulsions ex- 
posed to the 2-GeV/c negative-muon beam. Departures of 
the projection of the muon trackon the plane of the emulsion 


Fig. 4.27 Scattering of 2-GeV 
muons in a nuclear emulsion. 
Thenumber of scatters through 
an angle greater than a given 
angle 1s plotted as a function 
of the projected angle of scat- 
tering a in degrees, and the 
momentum transferred to the 
nucleus in MeV/c. Broken 
curve shows single scatters 
by apointnucleus; solid curve 
Z ke 10 1 @ ab WMalntensity shows single scatters by an 
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from a straight line were measured and the results are 
shown in Fig. 4.27, where the number of scatters through 
an angle greater than is plotted as a function of the pro- 
jected angle . These data cover the angular range between 
0.5-3.0°, which corresponds to a transferred-momentum 
range (Ag = 2p sin 0/2 ) between 18 and 105 MeV/c. Theex- 
perimental results are compared with the theory of single 
scattering by point and by extended nuclei. If the magnetic 
interaction is neglected, the cross-section for a point 
nucleus is given by the usual Mott formula [37] obtained on 
the Born approximation: 


=l 
EAR 


sin > M Psin E 


(4.10) 
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where ù is the angle of scattering inthe laboratory system 
p and v are the momentum and velocity of the muon respec- 
tively, and Z and M are the charge and mass of the target 
nucleus respectively. This formula is represented by the 
broken curve in Fig. 4.27. It is evident that at angles 
between 0.5-3.0° scattering by a point nucleus is nota 
realistic approximation. The formula is considered here, 
however, because experiments on the multiple scattering 
of cosmic-ray muons have been found to agree with the 
Moliere distribution for a point nucleus based on (4.10).. 
To evaluate scattering by an extended nucleus, the Mott 
formula was multiplied by the proton form factor F5 (4°) 
and by the nuclear form factor Fh (%). The function Fp (q?) 
was equated with the proton form factor obtained from 
Hoffstadter’s experiments on electron-proton scattering: 


2.2 |me 
Fs [i+ aa (4.11) 


where g is thetransferred momentum and a= 0.7 x 10% cm. 
The Cooper-Rainwater approximate expression [41] was 
used for the nuclear form factor Fy (9). The resulting 
angular distribution is indicated by the solid curve in Fig. 
4.27, which is clearly in good agreement with the experi- 
mental distribution. 

The fact that experimental data are in good aor “ement 
with theories based on the proton and nuclear form f ; ors 
deduced from electron-scattering experiments has also 
been confirmed by Conolly et al. [40], who studied the 
scattering of positive and negative muons in nuclear emul- 
sions. They used a 27-MeV muon beam and looked for the 
ends of muon tracks (u* > e* decays) in that region of the 
emulsion which could only be entered by scattered particles. 
By following such tracks back until a scatter was found, 
they succeeded in examining events with momentum trans- 
fers up to about 160 MeV/c. 

The single-scattering emulsion measurements were ex- 
tended to large angles and larger values of transferred 
momentum by means of scintillation counter hodoscopes. 
In these experiments, the target was either graphite (27 
g/cm?) or lead (14.4 g/cm?). Measurements with graphite 
target are the more important because the experimental 
conditions were such that single scatters predominated: 
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For example, at a scattering angle of 2.3°, the expected 
contribution due to multiple scattering was 25%. At an angle 
of scattering of 8°, the multiple-scattering contribution was 
only 2%. 

Experimental data obtained with the carbon target are 
shown in Fig. 4.28. A full theoretical analysis of the data 
is difficult because in this particular case the apparatus 
recorded both elastic and inelastic scattering. The effective 
scattering cross-section has been given by Maseket al. [39]: 


Baga te ec AE ttan | of R AE] (4.22) 


where d’a/dQ dp'is the cross-section for scattering through 
an angle @ into a solid angle element dQ in which the mo- 
mentum of the scattered muon is p’. The quantities E and 
p are respectively the energy and momentum of the muon 
before the scatter and 


AE = E— E' 


) 4.13 
@ = |p —p’ ?— (AE)? — 


ll 


We thus see that AE is the energy lost on collision and 
q? is the square of the transferred four-momentum, The 
functions Q and R, which depend only on AE and 4g’, con- 
tain all nuclear factors which influence scattering. Among 
them is the electromagnetic structure of the nucleus, mag- 
netic scattering and the nuclear form factor. These functions 
were estimated by Drell and Schwartz [42] and correctly 
describe the scattering of electrons by nuclei. This has 
been verified, for example, by Friedman [43], who studied 
the scattering of 600-MeV electrons by deuterons and found 
excellent agreement between experimental data and the 
calculations of Drell and Schwartz [42], 

The experimental data are compared with the theory in 
Fig. 4.28, from which it is evident that the scattering of 
muons by carbon is in agreement, within the experimental 
error, with the theoretical formula based on the electron- 
proton form factors and nuclear-structure data Obtained 
from highsengrey-electron scattaningdoue siew enoitibnos 
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Fig. 4.28 Scattering of 2 GeV/c muons 
in 27 g/cm? of graphite. The solid 
curve was calculated from (4.12) 


The absence of anomalous scattering of muons has also 
been indicated by studies of the scattering of muons in 
lead. Here, however, multiple scattering predominates, 
and these data are less reliable. 

Masek et al. [42] performed a direct comparison of the 
scattering of electrons in graphite with the above data on 
the scattering of 2-GeV/c negative muons in graphite. Ex- 
periments on the scattering of electrons in graphite were 
designed to determine directly the form factors Q and R for 
two values of the angle of scattering of the negative muons 
(5.73° and 8.03°), corresponding to momentum transfers in 
elastic collisions of 200 and 280 MeV/c. These experiments 
also confirmed the absence of anomalies in the scattering 
of muons by nuclei. 

Citron et al. [73] investigated the scattering of negative- 
muons by graphite up to transferred momenta of about 
250 MeV/c (g? ~ 1.5F°). This work was performed on the 
CERN muon beam and was distinguished by high statistical 
accuracy (7-13%) of the measured scattering cross-sections. 
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The results obtained are also in good agreement with the 
scattering cross-section calculated from the Mott formula. 

Let us now consider recent work on muon-proton scattering 
(liquid-hydrogen target). Davis et al. [74] and Cool et al. [70], 
who performed these experiments, didnot find any difference 
between muon and electron scattering. The idea ofthese ex- 
periments will be clear from an examination of Fig. 4.29. The 
figure shows ahydrogentarget andtwo large spark chambers 
for the recoil proton and the scattered muon. Four threshold 
Cerenkov counters in the muon beam (the last of these can be 
seen in Fig. 4.29) were used to separate the pions from the 
muons by an electronic technique. Identification of elastic 
events required a knowledge of the muon momentum (41%), 
the muon and proton scattering angles (better than 1%) and 
the kinematics of events (coplanarity, kinematic criteria). 
Fifty-nine scattering events were observed in which the 
transferred momenta lay in the range 450-850 MeV/c, 
Cool et al. performed their experiments on the Brookhaven 
accelerator, using a similar technique. They achieved 
better statistics: 500 scattering events were observed inthe 
transferred-momentum region between 700 and1100 MeV/c. 

The results obtained by both groups are shown in Fig. 
4.30, where the measured cross-section is plotted as a 
function of q*. The solid curve shows the expected scatter- 
ing and was obtained from the formula 


do = 4na G (q?) 


l ——  (l—g@/2MPo+... ) 
dg g = 1+4°/ 4M? l 


where a is the fine-structure constant, g the transferred 
momentum, M the proton mass, and Po the primary muon 
momentum. We note that the expected cross-section is 
determined by the transferred momentum and is not very 
dependent on Po. The function 


G (q?) = Ge + (9°14 M°) G2, 


is determined by the proton form factors G, and Gy. The 
solid curve was obtained for values of Gs and G,, deduced 
from data on electron-proton scattering. They were 
calculated by averaging over the primary particle momentum 
Po , We thus see that muon scattering inthis range of trans- 
formed momenta is again very similar to electron scattering. 

In conclusion, let us consider the above estimation of the 
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Fig. 4.30 Dependence of the muon scattering 
cross-section on the square of the transferred 
momentum. Solidcurve shows calculated results 
assuming that the form factor ratio Gy,/Gp = pu 
1s equal to the value obtained from electron- 
scattering experiments 


possible difference between the electromagnetic muon and 
electron form factors. If it is admitted that the lepton form 
factor can be written in the form 


f(g) = 1/ 0 @/A*) 
the muon-to-electron form factor ratio is 
fulde = 11 —q¥D?) 


where 1/D° =1/Ap —1/A, represents the dimensions of the 


region where the form factor difference becomes significant. 
From the experiments by Cool et al. we have [D?| 7220F `. 
This corresponds to distances of the order of 6 x 10" cm 
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and transferred momenta approaching 3 GeV/c. These are 
the limiting values of distances and transferred momenta 
for which, according to the most recent scattering experi- 
ments, we can speak of the identity of the electromagnetic 
properties of the electron and muon. 


4.5 THE MAGNETIC MOMENT OF THE MUON 
4.5.1 Preliminary remarks 


Recent measurements of the magnetic moment of the 
muon are extremely accurate, and confirm that theelectro- 
magnetic interactions of the muon and the electron are the 
same. If the muon is in fact a ‘heavy electron’, its magnetic 
moment should be given by the Dirac equation. The magnetic 
moment of a Dirac particle is 


This must be corrected for interactions with zero-point 
electromagnetic fields. Radial corrections have been esti- 
mated by Karplus and Kroll [45] and by Sommerfield [46] 
and Petermann [47]upto the fourth order. Currently accepted 
theoretical magnetic moments of the electron and muon, 
calculated with these corrections included, are 


2 
Ll =10( + aan) = 1.001 1596 uo 
25 Tt 


(4.16a) 
(Ze = 2-1.0011596) 
for the electron, and 
Ah a 
u =to(1 +— + 0.75 : = 1,0011654p0 
au i (4.16b) 


(gu = 2+1.0011654) 


for the muon. In these expressions the fine-structure con- 
stant a has been taken to be a! = 137.039 [48], and the 
gyromagnetic ratio g is expressed in units of e/2mc. 

The most accurate direct determination of the magnetic 
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moment of the electron is due to Schupp et al. [49], who 
measured the difference between the spin precession 
frequency and the cyclotron frequency for free electrons. 
The electrons were polarized by Mott scattering and the 
left-right asymmetry in a second scattering was used to 
determine the degree of polarization after traversal of the 
magnetic field by the electrons. The result, 


ge = 2-(1.0011612 = 0.0000024) 


is in good agreement with the theoretical prediction and the 
accuracy exceeds by a factor of about 5 the accuracy of 
determinations of the electron magnetic moment in which 
the moment was compared with the magnetic moment of 
the proton. 


4.5.2 Measurement of the magnetic moment of the positive muon 


Let us now consider experiments in which the magnetic 
moment of the muon has been determined. The first meas- 
urement of the muon magnetic moment was performed by 
Garwin et al. in their work on the non-conservation of par- 
ity in =—->puw-e decay. They determined the precession 
frequency œ for the muon spin in a magnetic field H: 


eH 
© =g—— — rad/sec 
Hine 


and hence, knowing the mass m, of the muon and the field 
H, they determined the gyromagnetic ratio. Their result 
was 


Zur = 2-(1.00 = 0.01) 
The spin precession method has also been usedby Kessel 


et al. on the Liverpool synchrocyclotron. They obtained the 
more accurate result 


where the uncertainty includes both statistical fluctuations 
(0.4%), the error in the magnetic field, the uncertainty due 
to drift in the eiectro’ ic equipment and the error due to 
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the uncertainty in the muon mass. It follows that deter- 
minations of the muon magnetic moment from precession 
in a constant magnetic field yield a result which agrees to 
within 0.7% with the magnetic moment of a particle des- 
cribed by the Dirac equation. However, this is still not 
sufficient to establish the validity of the formula for the 
radiative correction to the magnetic moment whose relative 
magnitude is of the order of 1/1000. 

A further improvement in the value of the muon magnetic 
moment was achieved by Coffin et al. [51], who used the 
magnetic resonance method. The asymmetry in the angular 
distribution of positrons from positive-muon decay was 
used as an indication of positive-muon spin flip. The ex- 
periment is illustrated in Fig. 4.31. The target in which 
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Fig. 4.31 Determination of the magnetic moment 
of the muon by the magnetic resonance method 


(Coffin et al.) 


the positive muons came to rest was placed in a solenoid 
in which a high-frequency field was produced. Both the 
target and the scintillators were placed in a constant mag- 
netic field parallel to the spin of the positive muons. The 
muons were first slowed down in agraphite absorber placed 
in a channel in one of the electromagnet poles, and came to 
rest in the target. Stopping positive muons were indicated 
by 1234 coincidences. The 1234 pulse was also used to 
switch on the high-frequency pulse coil and to gate the de- 
cay resonance detector. This detector was open for 3u sec 
after a 2 usec interval following the 1234 coincidence. Pos- 
‘trons emitted in the backward direction within the 3 u sec 
interval were signalled by 2314 coincidences, and recorded 
by the system. The pulsed radio-frequency field H,, which 
was excited in the solenoid surrounding the target, produced 
the muon spin flip. At resonance, when the field frequency 
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in the solenoid was @ = g(eH,/2mc) rad/sec, the angle 
through which the spin rotated in a time t was 


t 


9 = | (Z) at 


ome 
0 


Rotation through 180°, which from the quantum-mechanical 

point of view corresponds to 100% probability of transition 

from state S,=+1/2 to the state 41/2, requires a high- 
t 


frequency field pulse of | H dt=70 gauss psec. The system 
0 

recorded decay electrons emitted in the backward direction, 

and therefore the maximum intensity was recorded in the 

absence of transitions. A reduction in the intensity indicated 

the onset of magnetic transitions. 

The resonance curve obtained in this experimentis shown 
in Fig. 4.32, in which the number of 1234 counts in the elec- 
tron telescope per 64 000 stopping positive muons is plotted 
as a function of the ratio of the proton-resonance frequency 
to the frequency of the solenoid field. The solid curve shows 
the calculated shape of the resonance curve. The centre of 
the experimental distribution from which the resonance fre- 
quency was obtained, was found by a least-squares analysis 
assuming that it was symmetrical about the minimum. The 
resonance value of f„/fp was foundto be 3.1865 + 0.0022, and 
hence, for m, = 206.86 + 0.11 electron masses we obtain 
g= 2x(1.0026 £ 0.0009 

A further increase in the accuracy of /[,,/f, at resonance 
was achieved by Lundy et al. [52], whoused the very effective 
and ingenious method of ‘stroboscopic coincidences’. The 
principle of this method is as follows. Suppose that a beam 
of muons polarized in the direction of their momenta is 
brought to rest at time ¢ = 0 in a target placed in a mag- 
netic field which is perpendicular to the muonspin. Suppose 
further that a counter recording decay electrons is placed 
at a given distance from the target. As a result of the pre- 
cession of the spin in the magnetic field, the number of 
electrons emitted from the target in the direction of the 
counter is proportional to 


exp (=) (1— a cos wy) (4.17) 
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Fig. 4.32 Resonance curve obtained by the magnetic 
resonance method 


where t is the muon lifetime, a the asymmetry coefficient 
eH 
21, C 
electrons recorded by the counter should be modulated in 
accordance with (4.17). If the counter is switched on at time 
t! = 0 and then periodically with a frequency of w/2n, the 
counting rate for high-energy electrons will be a maximum 
when this frequency is equal to the muon spin precession 
frequency. The experiment is illustrated in Fig. 4.33. 
The muon beam indicated by the arrow was stopped in 
the target T (graphite or CHBr,;8g/cm’). The magnetic 
field, which was produced by a large permanent magnet 
was perpendicular to the muon beam, and therefore to the 
muon spin. Muons stopping in the target were indicated by 
123 coincidences, whilst decay electrons were indicated by 
234 coincidences. The 123 coincidence pulse turned on a 
48.63-Mc/s oscillator for 6 usec and the train of high- 
frequency oscillations was fed into the parallel inputs of 
two coincidence systems R and AR, which were sensitive 
to negative pulses. Other inputs of the coincidence circuits 
received pulses from counter 3 which were delayed so that 
a pulse from counter 3 which was simultaneous with a pulse 
in counter 2 reached R at the centre of one of the early 
positive half-cycles of the oscillator and AR half a cycle 
later. When the precession frequency is equal to the oscil- 
lator frequency, the pulse due to the decay electron in 3 


rad/sec. It follows that the intensity of decay 


and wy = g 
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Fig. 4.33 Measurement of the magnetic moment 
of the muon by the method of stroboscopic coin- 
cidences (Lundy et al.). The sample lies just 
below target T. 1—4 are scintillation counters; 
the direction of the magnetic field 1s indicated 
by the arrow 


will produce a coincidence in R but not in AR. Therefore, 
by measuring the ratio of coincidences in R and in AR as 
a function of the oscillator frequency. it is possible to de- 
termine the resonance frequency which corresponds to a 
maximum value of this ratio. In fact, the measurements 
were performed by varying the mean magnetic field of 
3700 Oe by +1% and detecting a resonance in the ratio 
R/AR. Since the magnetic field was measured by proton 
resonance, and the muon precession frequency at the peak 
of the R/AR curve was 48.63 Mc/s, the ratio of the proton 
resonance frequency at the peak to 48.63 Mc/s gave the 
ratio of the proton and muon magnetic moments directly. 
The response curve, in which the coincidence ratio is 
plotted as a function of the ratio f„/fẹ is shown in Fig. 4.34. 
At the maximum of the curve it was found that 


JE = 3.18304 0.0011 
p 

The accuracy of the method of ‘stroboscopic coincidences’ 
was appreciably exceeded by Garwin et al. [53, 54]. These 
workers increased the precession frequency and consider- 
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Fig. 4.34 Resonance curve obtained by the method 
of stroboscopic coincidences 


ably improved the accuracy with which they measured the 
time interval between the entry of the muon into the target 
and the emission of the decay electron. Their method, which 
is in fact a modification of the stroboscopic-coincidence 
method, is illustrated in Fig. 4.35. Particles stopping in 
the target were indicated by 1234 coincidences, and the 
emission of decay electrons in the forward and backward 
directions by 4513 and 2314 coincidences respectively. 
These coincidences were recorded if they lay within a 
9.7- usec long gating pulse whose leading edge was delayed 
by 0.l5u sec relative tothe 1234 pulse. The target and coun- 
ters 2-5 were placed between the poles of an electromagnet. 
A uniform field was obtained by carefully shimming the 
pole pieces, and was measured and stabilized by means of 
proton resonance signals from a probe located immediately 
above the target. 

The circuits recorded the time interval between the 
stopping of a positive muon and the appearance of a decay 
electron. Time measurements were carried out by counting 
the number of oscillations of a stabilized standard oscillator 
operating at 86.2 Mc/s in the first experiments, and 170 
Mc/s in subsequent, more accurate, measurements. The 
actual quantity measured was not the entire time interval 
between the entry of the muon intothe target and the emission 
of the decay electron, but only the difference between this 
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Fig, 4.35 Measurement of the magnetic moment of 
the muon (Garwin et al.) 


interval and the nearest integral number of periods of the 
standard oscillator. This time difference was determined by 
time-to-amplitude conversion, using a multichannel pulse- 
height analyser. Owing to the subtraction of the nearest 
number of integral periods, time intervals differing by an 
integral number of cycles of the oscillator entered the same 
channel of the analyser. When the frequency of the oscillator 
was not equal to the positive-muon spin precession frequency, 
there was a random interference between these contributions 
and the resulting distribution of the number of periods over 
the analyser channels was uniform. When the two frequencies 
were equal, contributions from different decays to each 
channel were in phase, and the distribution over the time 
channels could be approximately described by 


et (1 + a cos Wsf) (4.18) 


where a is the amplitude of the distribution, ©, the muon 
spin precession frequency, and A = l/r the probability of 
the decay of the positive muon. A more accurate formula 
for this distribution may be obtained as follows. The phase 
difference between the stopping positive muon and the time 
at which the decay electron is emitted is © = w)/, where 
wp is the frequency of the standard oscillator, and the phase 
distribution function is 


Ng dD =e P/ 01 l -+ a cos a o—o) | = (4.19) 


WO |} WoT An 


This distribution may be obtained from (4.18) by substituting 
aa @D/o, The quantity 0 in (4.19) is a constant phase which 
is related to the operation of the circuits and the presence 
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of an angular interval between the initial ww” spin direction 
and the momentum of the decay electron recorded by the 
coincidence system. 

It has already been pointed out that a given channel re- 
corded time intervals differing by an integral number of 
periods. To obtain the phase distribution corresponding to 
this method of measurement, we must replace @ in (4.19) 
by ® + 2nn and sum over all periods x. This is analogous 
to the summation of intensities from the individual slits 
of a diffraction grating. The larger the number of such 
slits (^n) the sharper the diffraction maximum. 

Near resonance, i.e. when | œs — œo | & wo ,this procedure 
yields 


N p dD the cos (2E p — 0 — a) 
x 2 
= = (4.20) 
D dÊ 
x eT P/POT F (w0) ad d® 
2n 4n 


where tan a) = (@p — @y) T is a function of the time interval 
during which the decay electrons are counted. When the 
precession frequency and the frequency of the standard 
oscillator are equal, we have Aw = 0 and the amplitude of 
the cosine term is a maximum. This is one method for de- 
termining the resonant frequency, but the sensitivity is not 
very high. A much more sensitive method is to find the 
frequency at which a, passes through zero. However, No 
can be obtained from experiment and from this one can 
determine, not a, but the total phase shift a = a t- Ù. 
To exclude the large uncertainty due to the initial phase 
0 (determined by the geometry of the experiment), the 
o.7-usec gate length was divided into two parts, i.e. 0-1.75 
u sec and 1.75-5.7 usec, and instead of measuring « itself, 
a determination was made of the phase for the ‘early’ and 
‘late’ parts of the gating pulse. The difference between these 
phases is zero when ùs = 9, and is independent of the geo- 
metry of the experiment, the initial phase U,and drift in the 
electronic circuits, since all these disturbances influence 
(Qo)p and (ao), in the same way. Hence 


A = (do)p — (Go)n = F (h, t2) Aw (4.21) 


where / (4, tẹ) is a function which depends on the way in 
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which the gate is divided into the two parts 4 and fy 
(4; -+ to = 5.7 psec). The quantity A was determined for 
different values of the magnetic field Æ, and the passage 
of A through zero determined the resonance field, for which 


Fig. 4.36 shows the experimental values of the difference 
€p — a, as a function of the magnetic field FH expressed in 
terms of the proton NMR frequency fp [54]. These data 
were obtained for a target consisting of an aqueous solution 


Fig. 4.36 Phase difference as a 
function of the magnetic field 


IEO SI820) SAIO 55840) expressed in terms of the proton 
Proton frequency, kc/s resonance frequency 


of HCl. The passage of the phase difference through zero 
in this graph corresponds to /, = 55 823.01 + 0.43 kc/s, and 
the ratio of the frequency ot the standard oscillator f, to 
fp is 


Iu 3 18334 + 0.00005 


p 


Since the g factor for the positive muon is given by 


oP Hla 
Zu =8p (2) e 
fp | \ Mp 


we find that 


u 


2.79275 la) mn 
1836.12 ‘a i 
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where we have assumed, following Cohen et al. [48], that 
gp = 2.79275 + 0.00003 nuclear magnetons,and Mmp= 1836.12 
+ 0.02 electron masses. The quantities g, and m, are known 
to within 1 in 10°, andthe accuracy of the ratio /,,//, is about 
2x10°. Since the mass of the muon is known much less 
precisely (about 1 in 10°), the uncertainty in g is determined 
largely by the error in the muon mass. 

The mean mass of the muon obtained from mesonic-atom 
data is 


Ma = 206.16 0.02.1, 


and hence 
Zyu+ = 2 (1.00110 -+ 0.00016) 


which is in good agreement with the theoretical result 
2u+ = 2 (1.001164) 


It may therefore be concluded that the magnitude of the 
radiative correction to the muon magnetic moment is within 
15% of its theoretical value. More accurate determinations 
of this correction will, of course, require a more accurate 
knowledge of the muon mass, or the application of experimen- 
tal methods which do not involve a knowledge of this mass, 


4.5.3 Magnetic moment of the negative muon 


Hutchinson et al. [54], who measured the magnetic moment 
of the positive muon, have also determined the magnetic 
moment of the negative muon. They used graphite, oxygen 
(water), magnesium, silicon, and sulphur (spinless nuclei). 
The magnetic moment of the negative muon was measured 
when it was in the ground state of the mesonic atom, and 
was found to be somewhat smaller than that of the free 
positive muon. Corrections to the negative-muon magnetic 
moment in the /S state of a mesonic atom with a spinless 
nucleus surrounded by a spinless electron cloud have been 
discussed by Ford et al. [55]. The most important correc- 
tion is the correction for the coupling of the negative muon 
to the nucleus. This is given by 


gs =—( | ( Far (4,22) 
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where gy is the g factor for the free muon and F a small 
component of the radial wave function of the muon in the 
nuclear Coulomb field. It is interesting to note that this 
correction depends on the distribution of charge in the 
nucleus. Its magnitude calculated from the nuclear-charge 
distribution obtained from high-energy electron-scattering 
data, characterized by a nuclear radius r and a surface 
thickness n, increases rapidly with Z and becomes greater 
than the radiative correction for Z > 8. Other corrections 
include those for the polarization of the nucleus and the 
diamagnetism due to electron screening. Table 4.3 gives 
the resultant values of the gyromagnetic ratio g after the 
introduction of these corrections. 

It follows from these data that the observed difference 
between the magnetic moments of negative and positive 


Table 4.37 


Resultant cor- 
rection x 10‘ 


muons can be explained almost entirely by the above 
corrections. It follows that the two moments are equal 
to within 1 in 10*. We note that it is a consequence of CPT 
invariance that the magnetic moments of the negative and 
positive muons, when these are regarded as a particle- 
antiparticle pair, should be equal. 


4.6 MEASUREMENTS OF g-2 


We shall now discuss another method of measuring g 
which does not require a knowledge of the muon mass. This 
method has been used to determine the quantity 1/2( g= 2) 
to an accuracy of about 2%, but further improvements in the 
accuracy appear to be possible. The principle of the method 
is to compare the muon cyclotron frequency in a magnetic 
field H, which is given by 

eH 


Oo] 
n 
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with the spin precession frequency 


€. 
s =E ome 


These frequencies are equal when g = 2, and their differ- 
ence is proportional to g — 2, i.e. to the anomalous mag- 
netic moment 


dee a (4.23) 
2 mc mic 


Let us suppose that a longitudinally polarized muon with 
momentum P moves in the magnetic field which is at right 
angles to the plane of the diagram (Fig. 4.37). Suppose that 
at point A the momentum P is parallel to the spin of the 
muon. At point B, owing to the fact that the spin precesses 
faster than the momentum (g > 2), the two vectors will be 
at an angle 


a = (Ws — Wo) í 


where ¢ is the time taken to reach B from A. The rotation 
of the spin relative to the momentum after N revolutions 
in a magnetic field is 


ọ = o,.yat = 2nNya (4.24) 


where y= (I — P? and a= ee! It follows that longi- 


tudinally polarized non-relativistic muons (y# 1) will 
become transversely polarized after 


ag 
E E 
2na 4-0.001165 


revolutions, and after 428 revolutions the polarization of 
the muons will change sign, i.e. a 100-MeV longitudinally 
polarized muon will become transversely polarized after 
214 revolutions. This experiment is similar to that of 
Schupp et al. [49] who have measured g — 2 for electrons. 
In the latter work, the electrons were polarized by Mott 
scattering. The left-right asymmetry in Mott scattering 
was then used to establish the rotation of the electron spin 
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Fig. 4.37 Muon trajectory and muon spin pre- 
cession in a constant magnetic field 


after a given number of revolutions in a magnetic field. 

In the muon experiments, the muon beam entering the 
magnetic field is at first completely longitudinally polar- 
ized, and the rotation of the spin in the magnetic field is 
determined from the spatial asymmetry of the decay elec- 
trons: for muons which have executed, say, a small number 
of rotations, the asymmetry is a maximum, whilst for 
muons which have remained in the field so long that the 
spin is perpendicular to the trajectory, the asymmetry is 
zero, The asymmetry then changes sign, and so on. The 
whole process can be described by a sine curve with a 
period proportional to g— 2, This experiment was carried 
out by Charpak et al. [56], and is illustrated in Fig. 4.38. 
Longitudinally polarized positive muons produced in n — p 
decays in flight were focused by a deflecting magnet and a 
pair of focusing lenses on theentrancetoa vacuum chamber 
placed in the gap of a magnet with 6-m-long pole pieces. 
The muon beam intercepted the horizontal plane of symme- 
try of the chamber at about 90°. The muons lost part of 
their energy in a beryllium absorber, so that the radius of 
their trajectories in a field of 15.8 kgauss was r =19 cm. 
Owing to the presence of a field gradient in the y direction, 
the trajectory was displaced along the x axis at the rate S 
of about 2 cm/revolution at the entrance and 4 mm/revolu- 
tion at the centre of the chamber. This figure reaches 10 
cm/revolution near the exit from the chamber. Careful 
shimming of the pole pieces was necessary to ensure this 
rate of displacement of the trajectory. A special detector 
system for recording the asymmetry of decay electrons 
from muons stopping in the target was located at the exit 
of the chamber. 11° coincidences indicated electrons emitted 
in the backward direction, whilst electrons emitted in the 
forward directions were indicated by 22’ coincidences. The 
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instrumental asymmetry due to residual differences between 
counters recording forward and backward decays was ex- 
cluded by switching on a vertical pulsed magnetic field 
after each entry of a positive muon into the target T. This 
rotated the spin of the muon in the clockwise direction by 
+90°, and after the next entrance of a positive muon in 
the clockwise direction by -90°, and so on. The electron 
telescopes 11’ and 22’ were thus used alternately as the 
forward- and backward-decay indicator, and instrumental 
asymmetries were therefore eliminated. 

In addition to the direction of emission of decay electrons 
for all positive muons stopping in the target, the time of 
flight through the chamber was also measured. This is 
uniquely related to the number of revolutions in the mag- 
netic field. 

The data obtained are shown in Fig. 4.39, in which the 
asymmetry coefficients for the eleven time channels are 
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Fig. 4.39 Data obtained in the g-2 experiment 


plotted against the time spent by the muon in the magnetic 
field (which is proportional to the number of revolutions). 
It is evident that if C,+ and C, are the number of counts in 
the electron telescopes recorded for spin rotations of +90° 
and -90° respectively, then the asymmetry coefficient is 
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given by 


= Guo =A sin (aB otn) (4.25) 
Cyt = Cre 

where A is proportional to the initial polarization of the 

original beam, B is the magnetic field, œo is the cyclotron 

frequency of positive muons, and f/f, is the time spent by 

the muon beam in the chamber. It follows that the period 

of the sine curve yields directly the quantity 


n 


The solid curve B in Fig. 4.39is the ‘best fit’ to the experi- 
mental data. The parameter a thus obtained was found to be 


0.983 + 0.019) = 0.001145 + 0.000022 


Gexp g Lih ean 


Of the 1.9% uncertainty in Ee measured in this way, 1.7% 


was due to the statistical error. Charpak et al. [57] sub- 
sequently improved this result considerably, obtaining 


Qexp = Atheor (0.9974 + 0.0042) = 0.001162 + 0.000005 


It may be concluded from the above datathat the measured 
g— 2 difference agrees to within about 0.4%with the mag- 
nitude of the radiative correction. Consequently, possible 
departures from quantum electrodynamics for muons inter- 
acting with the natural electromagnetic field can only lie 
within the limits of this error. To deduce from this result 
the magnitude and nature of the possible departures, it is 
necessary to assume some definite model for them, i.e. to 
indicate their origin. For example, it may be supposed that 
quantum electrodynamics begins to fail for large momenta 
P transferred to virtual photons [58, 59]. This will have the 


effect of reducing the radiative correction from a= 7- to 


Ct Daa 
asg (14A | (4.26) 
where 
Aes 
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is the ratio of this momentum to the muon rest energy. 

Another possible mechanism suggested by de Tollis [60] 
involves the introduction of a fundamental length L below 
which quantum electrodynamics begins to fail. This model 
again leads to Equation (4.26) where 


hie (4.27) 


It is evident from the above formulae that corrections 
due to the failure of quantum-electrodynamics are propor- 
tional to the square of the particle mass. Hence they become 
negligibly small for the electron, but can be observed in 
the case of the muon. 

We can now estimate, with the aid of these formulae, 
the upper limit for L which corresponds to 0.4% in the 
measured magnitude of g— 2. We have 

2 eg 4 

3 7000 
and hence pc > 3 GeV and L < 2 x 10715cm. Measurements 
of g—2 thus indicate that, within the framework of the 
above models, quantum electrodynamics does not fail up 
to transferred momenta of about 3 GeV/c, and down to 
distances of about 2 x 10° cm. 


4.7 DIPOLE MOMENT OF THE MUON 


It is a consequence of CPT invariance that the dipole 
moment of elementary particles should be zero. Landau 
has shown that the conservation of combined parity, i.e. 
invariance under CP transformation, will also give rise 
to a zero dipole moment. Let us now establish to what 
accuracy this requirement is satisfied. 

Measurements of the dipole moments of the electron, 
positron, proton and neutron have shown that the first 
three particles have dipole moments of less than about 
10-43 e cm, and the last less than 107)’ ecm, where eis the 
electron charge. Charpak et al. triedto determinethe dipole 
moment of the muon by a method based on the following con- 
siderations. Suppose that the muon has a dipole moment 
which is parallel to the spin of the particle and is given by 


D =f oh (4.28) 
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The existence of this dipole moment will give riseto 
additional precession in the g— 2 experiment discussed 
above. 

In fact, in the rest system of the muon which revolves 
in the magnetic field (Fig. 4.38), this dipole moment will 
experience an electric field 


E=yp x B (4,29) 


where B= — and Y= ae and B is the magnetic 
field in the magnet gap. The result of this will be that the 
dipole moment of the positive muon will precess round an 
instantaneous axis, perpendicular to the magnetic field B 
and to the velocity ß, with a frequency we = 2/Bw., where 


eB . die We alec 
tae S the cyclotron frequency for a non-relativistic 


muon. The combined effect of the precession of the mag- 
netic moment about B and of the dipole moment about the 
direction of ĵĤ x B gives rise to a vertical polarization 


P, x Po- a SIN Wal (4. 30) 


where œ, is the muon spin precession frequency relative 
to B due to the difference g— 2. Fig. 4.38 shows the 
electron-telescope system used in the g— 2 experiment. 
These telescopes record the muon spin precession frequen- 
cy in the horizontal plane. To detect the spin precession in 
the vertical plane, it is sufficient to rotate these telescopes 
so that their axes become vertical, and to repeat the g — 2 
experiment under these new conditions. Precession in the 
vertical plane will indicate the existence (or otherwise) of 
the muon dipole moment. 

The results of this experiment are shown in Fig. 4.40, 
where the asymmetry in the angular distribution of decay 
electrons is plotted as a function of the time spent by the 
muon in the magnetic field, which is proportional to the 
number of revolutions. For comparison, curve D is the 
asymmetry curve due to the g— 2 difference taken from 
Fig. 4.39. This curve was determined with the aid of elec- 
tron telescopes lying in the horizontal plane. The points 
show the asymmetry associated with the vertical component 
of polarization. As can be seen, these points lie very close 
to the zero axis, indicating the absence of a dipole moment. 
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Fig. 4.40 Results of the determination of the dipole moment 
of the positive muon 


The upper limit for the factor f (4.28) for the positive 
muon was found to be 


f = (3 + 6)-10° 
which corresponds to a dipole moment of 


e (0.6 + 1.1)- 107? cm 


Chapter 5 


MESOMOLECULAR PHENOMENA 


5.1 CATALYTIC EFFECT OF NEGATIVE MUONS IN FUSION 
REACTIONS INVOLVING HYDROGEN ISOTOPES 


A negative meson stopping in matter and forming a mes- 
onic atom will either decay or be absorbed by the nucleus. 
However, this is preceeded by various atomic and molecu- 
lar processes in which the meson participates and which 
are particularly important for the negative muon which has 
a relatively long lifetime and interacts weakly with nuclei. 

In this chapter we shall consider some of the atomic and 
molecular phenomena which arise when negative muons are 
absorbed in liquid hydrogen. These phenomena are interest- 
ing in themselves, and must also be understood in order to 
interpret experimental data on the interaction between neg- 
ative muons and protons. 

The main phenomenon in this connection is the muon 
catalysis of the proton-deuteron fusion reaction. This 
reaction was first detected by Alvarez et al. [1] and was 
predicted by Frank [2], Sakharov [3] and Dzhelepov [5]. 
Fig. o.la is a photograph of a negative muon stopping in 
a hydrogen bubble chamber in a field of 11 kOe [1]. The 
photograph shows the track of the negative muon which 
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Fig. 5.1 (a) p+ d fusion reaction in a liquid-hydrogen bubble 
chamber ( Alvarez et al.). Photograph shows the characterietic X 
break between the track of the primary muon and the beginning of 
the trackofthe new muon; (b) analogous phenomenon in a hydrogen 
diffusion chamber (Dzhelepov et al.) 
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stops at the point B, and a second negative-muon track 
which starts at a small distance from B. The second neg- 
ative muon has a range of about 1.7 cm and decays on 
stopping, forming a visible decay-electron track. Alvarez 
et al. found 15 cases of this kind among 2541 negative 
muons stopping in a chamber filled with natural hydrogen. 
Fig. 5.1b shows a photograph of the same phenomenon in 
a hydrogen-filled diffusion cloud chamber situated in a 
magnetic field [5]. The track of the particle entering on 
the left is that of a negative muon stopping in the chamber. 
The track of the ‘rejuvenated’ negative muon which even- 
tually leaves the chamber is shown on the right. The new 
meson is faster, and its track starts near the end of the 
original negative-muon track. 

All the secondary muons have very nearly equal ranges. 
The range spectrum of 442 bubble-chamber events of this 
type obtained by Schiff [6] is shown in Fig. 5.2. The mean 
range obtained from this spectrumis1.73 + 0.05 cm of liquid 
hydrogen, corresponding to a muon energy of 5.37 0.1 MeV. 

These results were explained by Alvarez et al. as being 
due to the fusion of a proton and a deuteron into the He? nu- 
cleus, which occurs because of the catalytic action of the 
negative muon. This reaction occurs with the emission of a 
5.4-MeV y ray: 

d+ p— He? + y (5.4 MeV) (5.1) 


and is one of the possible fusion reactions involving hydro- 
gen isotopes. Other reactions of this kind involving protons, 
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Fig. 5,2 Range spectrum for ‘rejuvenated’ nega- 
tive muons in a hydrogen bubble chamber 
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deuterons and tritons are also well known. They lead to the 
formation of tritium or helium nuclei, and are accompanied 
by the liberation of energy Q: 


t+ p, Q=4 MeV 
d- d~: He + a, Q= 3.3 » 

He? + y, Q = 24 1 
d -| t —> Het + n, Q=-176 » 
p - t— Het + y, Q =20 » 
t + t — Het + 2n, =: 10 7 


These reactions do not occur at ordinary temperatures 
since the kinetic energies are too low to enable the parti- 
cles to overcome the Coulomb barriers. The reactions will 
occur only if the colliding particles have large kinetic ener- 
gies, e.g. when the particles are accelerated to energies of 
the order of 100 keV, or at high temperatures in a nuclear 
explosion or gas discharge. 

The catalytic action of the negative muon, which makes 
possible the reaction (5.1) in liquid hydrogen, is explained 
in terms of the formation of the mesonic molecule (ppd) 
in which the separation of the proton and the deuteron is 
about 200 times smaller than the separation in the ordinary 
molecule, owing to the large mass of the negative muon. 

Another example of a fusion reaction catalysed by a neg- 
ative muon is shown in Fig. 5.3. Here, the negative muon 
became part of the (dud) molecule. The reaction 


d+d-t+p (5.2) 


results in the formation of a tritium nucleus and a proton, 
which are emitted in opposite directions. The ejected muon 
receives very little energy, does not travel very far from 
the point at which the reaction occurred, anddecays by em- 
itting a fast electron. 

The phenomena occurring when a negative muon comes to 
rest in liquid hydrogen are illustratedin Fig. 5.4, The slow- 
ing down of the negative muon from a few MeV to energies 
at which, as a result of cascade transitions, it is found in 
the /S state of the mesonic atom(u p) occurs in a very short 
time by comparison with its lifetime. The mesonic atom 
(up) and the similar mesonic atom (ud) have radii of about 
2.9 X 107! cm. At large distances this electrically neutral 
system resembles a neutron: it can approach another nu- 
cleus to within distances of the order of 107?! cm, which is 
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Fig. 5.3 Muon catalysis of the d + d > t + p reaction in 

a hydrogen diffusion chamber enriched with deuterium. 

t and p are emitted in nearly opposite directions, and 

the energy transferred to the muon is small so that 

it decays near the end of the heavy track (Dzhelepov 

et al.) 
impossible for an isolated proton because of the nuclear 
Coulomb field. When the mesonic atom (up) collides with 
hydrogen and deuterium in natural hydrogen, the mesonic 
molecules (pup) and (pu'd) are produced. The formation of 
these molecules is indicated by the left-hand and central 
branches of Fig. 5.4, where Ayn represents the probability 
of the reaction 


(up) + p— (pwp) 
and Ayp the probability of the reaction 


(up) + d — (ppd) 


However, a more probable process in liquid hydrogenis the 
formation of (ud) mesonic atoms as a result of the reaction 


(up) + d— (wd) + p 


The probability of this reaction (the right-hand branch of 
Fig. 5.4) is represented by Apa. 

The concentration of deuterium in naturally occurring 
hydrogen is about 150 x 10°, while according to mass-spec- 
trometric data [6], the deuterium impurity in commercial 
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Fig. 5.4 Mesomolecular phenomena associated with 

stopping negative muons in liquid hydrogen. For 

deuteron saturation, only the double arrows are 

significant 
hydrogen used in hydrogen-filled chambers is (40 + 14) x 
10°. In spite of this low concentration of deuterium, the 
probability CpA»_g is very high because the difference in the 
reduced masses of the mesonic atoms (pp) and (wd) en- 
sures that the binding energy of the (pd) atom is 135 eV 
larger than the binding energy of the (w` p) atom. Belyaev et 
al. [7] have shown that Apa = 1.4 X10! sec!, which even 
for Cp = 40 x 10° yields a total probability 


Cp-Àpa = 40-1078 1.4.10! = 5.6-10° sec! 


which is not very different from the negative-muon decay 
probability. 

Since in the transition of a negative muon from the proton 
to the deuteron, an energy of 135 eV is liberated, the mes- 
onic atom (pd) has a recoil kinetic energy of 48 eV giving 
it a range of approximately 1 mm in liquid hydrogen. This 
recoil explains the gap at the endofthe negative-muon track 
in photographs similar to those of Fig. 5.1. The role of the 
deuterium impurity in the formation of such gaps is clearly 
illustrated by the experiments of Dzhelepov et al. [8] who 
used a hydrogen-filled diffusion chamber exposed to the neg- 
ative-muon of the synchrocyclotron at the USSR Joint Insti- 
tute for Nuclear Studies. They investigated gaps between the 
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end of negative-muon tracks and the beginning of decay-elec- 
tron tracks in a chamber filled with hydrogen gas at 22.7 
atm. In a second experiment, about 0.44% deuterium impurity 
was added. Whilst inthe first experiment the gap in the track 
explained by the recoil of the (u7p) atom was of the order of 
1 mm, in the second experiment, after the addition of deu- 
terium, the length of the gap was much greater. Fig. 5.5 
shows the distribution of gap lengths inthetwo experiments. 
It is evident that the addition of deuterium increases the 
mean length of the gap by approximately one order of mag- 
nitude. These experiments establish the probability of the 
reaction 


(up) + d— (pod) + Pp 


When referred to the number of hydrogen nuclei per cc 
(3.5 x 10” ), this probability was found to be 


À pa = (0.952021): 10° sec"! 


Collisions between mesonic atoms (u` d) and hydrogen nu- 
clei (Fig. 5.3) lead to the formation of mesonic molecules 
(pw` d). In these molecules, the proton and deuteronare sep- 
arated by a distance of 101° cm and therefore have a large 
probability 4, of penetrating the Coulomb barrier, The re- 
sult of this penetration is either the reaction 


ia Poe tne (9.3) 


in which the entire liberated energy is given to the ‘rejuve- 
nated’? negative muon, or the reaction 


d+ p -t w — He + p +y (5.4) 


in which the energy is carried off by y rays and the muon 
remains in a bound state of the mesonic atom (He? u`). 

A characteristic feature of processes in which the nega- 
tive muon acts as a catalyst of the fusion reaction between 
the proton and the deuteron is that their probability reaches 
saturation at very low deuterium concentrations (~10"). 
Experimental data onthe yield of the reaction (5.3) as a func- 
tion of the deuterium concentration are given in Table o.1. 

The double arrows in Fig. 5.4. indicate reactions which 
are most important under saturation conditions, i.e. for 
deuterium concentrations > 10°. It is interesting to note 
that the catalysis of the p + d reaction by a meson was first 
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a — no deuterium; b — 0.44% of deuterium 
Fig. 5.5 Distribution of p-e breaks in the experiment of 
Dzhelepov et al. Pressure of hydrogen in the diffusion 
chamber was 22.7 atm 


considered by Frank in 1947 in connection with the discov- 
ery of n — u decay by Lattes, Occhialini and Powell. Frank 
attempted to explain the observed phenomenon by the ap- 
pearance of a ‘new’ meson near the ‘old’ meson without 
introducing new elementary particles, and considered the 


Table 5.1 


Deuterium con- Natural 


-6 
centration, Cp hydrogen 4300x 10 


300 x 10| 650 x 10° 


Reaction 
yield in % 
of the number 
of stopping 
mesons 


0.4 (a) 


(aì Cresti and Gottstein et al. [9] 
(b) Schiff [6] 
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various possible processes in which the energy would be 
transferred to the ‘new’ meson, not from the ‘old’ meson, 
but from the nuclear emulsion itself. Among the various 
possibilities rejected by Frank, there was in fact the cata- 
lysis of the p + d reaction by amesonin which an energy of 
5.4 MeV is transferred to the negative muon, He rejected 
this process because of the low concentration of deuterium 
in nuclear emulsions. We note that the range of negative 
muons released in the reaction (5.2) is 1.73 cm, whilst the 
range in hydrogen of muons from a—u decaysis about 1 cm. 


5.2 KINETICS OF NEGATIVE-MUON CATALYSIS OF 
THE p+ d> He? + y REACTION 


Alvarez et al. and, later, Fetkovich et al. [10], Cresti et 
al. [9] and Schiff [6] studied the reaction 


p+ d+ w — He + we (5.3) 


using bubble chambers filled with liquid hydrogen and deu- 
terium. In this reaction, all the released energy is trans- 
ferred to the negative muon. However, another branch of 
the reaction, i.e. 


p+ d w — He +w y (5.4) 


has a much greater yield. Here, practically the entire en- 
ergy is carried off by the y ray, and the negative muon re- 
mains in the bound state. Owing to the large yield of the 
reaction (5.4) and the appearance of the y ray, this reaction 
is convenient for studies of thekinetics ofthe catalysis pro- 
cess. This was first carried out by Ashmore [11] on the 
Liverpool synchrocyclotron. The experiment is illustrated 
in Fig. 5.6, where B is a liquid-hydrogen target. Stopping 
negative muons are indicated by 1234 coincidences in the 
scintillation counter telescope. The Nal(Tl) scintillation 
spectrometer recorded y rays from reaction (5.3) with en- 
ergies between 3.0 and 7.5 MeV. Practically all the nega- 
tive muons stopping in the hydrogen target ended their life 
in u — e decays, so that the target was a source of brem- 
sstrahlung from decay electrons, which considerably in- 
creased in the y-ray background. Another source of y-ray 
background was muon capture by nuclei with large Z in the 
surrounding materials, or by impurity nuclei in the target 


974 Muons 


Z 


Fig. 5.6 Determination ot y-ray 
yield from the reaction (w,d) 
+ p> Hep +y (Ashmore 
et al.) 


itself. The experiment of Ashmore et al. was performed 
with a target containing natural hydrogen and a second 
target in which 1.8% deuterium impurity was introduced, 
The experimental time distribution of y-ray intensity 
from reaction (5.4) showed that a very large increase in the 
y-ray yield was a-hieved by increasing the deuterium con- 
centration to 1.8%. lt was thus demonstrated that reaction 
(5.3) does occur, and its yield was found to be 0.34 = 0.06 
5.3-MeV photons per negative muon stopping in the hydrogen 
target. According to the data of Alvarez et al., the yield of 
‘new’ muons from the reaction (5.3) under conditions of sat- 
uration was 0.022+0.003. Hence, the coefficient representing 
the conversion of reaction energy into the kinetic energy of 
the ‘new’ muon is 


„ — 0-022 = 0.003 
0.34 + 0.022 


When the amount of deuterium introduced into the hydro- 
gen target is sufficient to saturate reaction (5.4), the reac- 
tion kinetics are determined by the probability Apy which 
characterizes the rate of formation of the mesonic mole- 
cules (pw d) from collisions of the type (up) + p > (pwd), 
and the probability A; characterizing the rate of fusion of 
protons and deuterons in the resulting molecules. The time 
dependance of the reaction yield is of the form 

= 


n= (Aho e e 


=0.061 + 0.014 


t =i 

—e `> (5.5) 
{—ÀDH 

where A, is the decay probability of the free muon and the 

remaining symbols are defined in Fig. 5.4. 
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The measurements of Ashmore et al. show that Equation 
(5.5) is valid, but since the n (t) curve is symmetric in A, 
and Any, it cannot be used unambiguously to separate the 
two exponents. According to Ashmore et al., one of the co- 
efficients lies in the range 


0.19-10° sec!'< sow < 0.88-10° sec?! 
and the other within the range 
0.55. 106 sec! < Atrast < 2-10"? sec”! 


These results were substantially improved by Bleser et al. 
[12] using the accelerator at Columbia University. This 
experiment is illustrated in Fig. 5.7, where H:is the liquid- 
hydrogen target. The target was either filled with deuterium- 
enriched liquid hydrogen having a deuterium concentration, 
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Fig. 5.7 Measurement of the y-ray yield from the reaction 
(w,d) + p>He?+ p+ y (Bleser et al.). The hydrogen 
target 1, is surrounded by anti-coincidence counters A,, 
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Cp, of 8 x 10°, or with almost pure liquid hydrogen having a 
deuterium concentration of 5 x10, The scintillation coun- 
ter telescope 1, 2, 3 detected the 125-MeV/c negative-muon 
beam stopping in the hydrogen target, andthe NaI (TI) crystal 
spectrometer was used as in the experiments of Ashmore et 
al. for the detection of y rays withenergies between 4 and 6 
MeV. The bremsstrahlung background, due to electrons from 
u`™—e decays and from photons produced in negative-muon 
capture in high Z nuclei in the material surrounding the 
hydrogen target, was eliminated by the following technique. 
The hydrogen target was surrounded by four scintillation 
counters Ai, A», A3, A, which detected decay electrons, and 
y-ray pulses in the Nal(Tl) counter were only recorded if 
they were followed within 3.5 usec by adecay-electron pulse 
in one of these counters. This method eliminated y rays 
which were in coincidence with decay electrons. 

The time dependence of the reaction yield obtainedin this 
experiment is shown in Fig. 5.8 for deuterium concentrations 


Intensity of y rays 


Time, u sec 


Fig. 5.8 Time dependence of the yield of the reac- 
tion (u,d)+ p> Hè + pw + y (Bleser et al.) 


of 5 x 10° (points), 110 x 10° (crosses) and 8000 x 10° 
(triangles). The last concentration corresponds to saturation. 
From these results it follows that 
Ay = (0.26 + 0.03)-10® sec-! 
ApH = (9.0 + 1.1)-10° sec"! 


Identification of the ‘slow’ exponential with A, and of the 
‘fast? exponential with Apy was successful because Fetkovich 
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et al. [10] established a lower limit for Apy of 
ÀDH >1-10° sec"! 


The total reaction yield for any deuterium concentration 
can easily be obtained by solving the kinetic equations and 
integrating the resulting solutions. This gives 


0 


= (1 —n) hy Api CDA pa 
Asto Apy tho Anat Ao CA pa (9.6) 
N= | n (t) e^t dt = (1 —n) Com _ 
x Ann C phe 


The yield Ne, unlike Mi, is corrected for the exponential de- 
cay of the negative muons. The reciprocal yields can also be 
expressed in terms of the reciprocal concentration: 


A et 

m hpa Co (5.7) 
AA 

No Apa Cp 


It follows from these formulae that the ratio of the slope to 
the intercept of the straight lines obtained by plotting 1/N 


against 1/Cy yields Aut hy or Anm, The two probabilities 
pa pa 

Ann and Apa were obtainedin this way. Experimental data ob- 

tained by Bleser et al. for 1/N as a function of 1/Cp are 

shown in Fig. 5.9. The probabilities pa and ànn obtained 

from this figure are 


Apa © 1.9-10! sec”! 
AHH = (1.4 + Q.5)- 10° sec”! 


Table 5.2 summarizes published results on muon Catalysis. 
The penultimate column gives the theoretical values of 
some of the probabilities. The theoretical calculations have 
been reviewed by Zel’dovich and Gershtein [13]. 
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5.3 NEGATIVE-MUON CAPTURE BY IMPURITY NUCLEI 
IN HYDROGEN 


Schiff investigated the probability of transfer of a nega~ 
tive muon, stopping in liquid hydrogen with different deut- 
erium concentrations, to impurity nuclei such as neon and 
helium, i.e. the probability of reactions of the form 


(up) + X > (WX) + p, (wd) + X > (wX) 4+ d 


where X is a helium or neon nucleus. To do this, he intro- 
duced these nuclei into a hydrogen bubble chamber with 
different deuterium concentrations. The resulting data are 
very important for the interpretation of experiments on u` 
capture by protons. It is known that the u -capture probab- 
ility for nuclei with Z < 20 is approximately proportional to 
Z*, so that very small impurities of heavy gases in hydro- 
gen may lead to overestimates in the measured probability 
for protons. The results which were obtained by Schiff are 
shown in Fig. 5.10. 

The solid curve in this figure gives the yield of the 
reaction 


(ud) +- p> He? + u 


as a function of deuterium concentration in the absence of 
impurities other than deuterium. With increasing deuterium 
concentration the yield curve reaches saturation in accord- 
ance with the data given in Table 5.1. The remaining points 


Reciprocal yeild, 1/N 


Fig. 5.9 Dependence of the yield 
g Os 10 of the reaction (u7,d) + p»He® + 


Reciprocal concentration, 1/Cp w+ y on deuterium concentration 
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Fig. 5.10 Capture of negative muons by He and Ne im- 
purity nuclei in hydrogen (Schiff) 


on the graph represent the yield of ‘rejuvenated’ negative 
muons when neon or helium is added to the liquid hydrogen 
with a given deuterium concentration. The neon or helium 
impurity concentrations in parts per million are indicated 
by the numbers against the experimental points. It is clear 
that a neon concentration of 15 x 10° is sufficient to reduce 
the number of transfers to deuterons by a factor of about 2 
with a deuterium concentration of 400 x 10°. The relative 
probability of negative-muon transfer to impurity nuclei X 
in the reaction 


(up) + X —> (wX) + pP (5.8) 


(where X represents deuterium, neon or helium) may be de- 
fined by 


Cxåpx l 


Ce) 7 ec, 
[Cx) fee "hee en 2d (5.9) 


Àpx 


where the numerator includes the probability of (5.8) in 
sec™! and the denominator the total probability ofall possible 
transfers for the mesonic atom (up). The quantity 


Nox — | 


ae? ae (5.10) 
Mot+Any  Cpx 
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is called the transfer ratio and is equal to the reciprocal of 
of the concentration, Cyx, at which 50% of the mesons are 
transferred to the impurity nuclei. The values of xpx esti- 
mated by Schiff [6] are given in Table 5.2. For deuterium 
and helium they are given by 


6.2 
Knaus Pe — = (8.9 * 82-103 
X jo 
ne _PNe = (9. 5-+3.0)-10° 
A L) 
An i AnH 


For the transfer from deuterium to neon Schiff found 


aen ONS. = (2.7 0.9)- 104 
Ao +Apy 


It follows that in the case of hydrogen with minimum deuter- 
ium concentration (40 x 10°), a neon concentration of 


Cp xe = (10523). 107° 


is necessary to ensure that 50% of stopping negative muons 
are transferred to neon nuclei. For hydrogen with an appre- 
ciable deuterium concentration for which the yieldof ‘rejuv- 
enated’ mesons reaches saturation, this quantity becomes 


Cre 6725 10° 


The relative probability of the transfer of a negative muon 
from the mesonic atom (pd) to Ne is therefore greater than 
the relative probability of the transfer of a negative muon 
from the mesonic atom (up) to Ne by a factor of approxi- 
mately 2.5. Schiff used the phenomenon of transfer of negative 
muons to neon to investigate stars produced as a result of u 
capture by neon nuclei (Section 6.2). The transfer probability 
of a negative muon from a proton to C and O nuclei was in- 
vestigated by Dzhelepov et al. using a hydrogen diffusion 
chamber. Their results are given in Table 5.2together with 
other data on mesomolecular processes in liquid hydrogen, 
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DEPOLARIZATION OF MUONS. MUONIUM 


6.1 KINEMATIC DEPOLARIZATION OF MUONS 


According to the V—A_ theory of weak interactions, the 
asymmetry coefficient in the angular distribution of elec- 
trons from n— p >e decays should be a= -1/3. It was 
shown in Chapter 2 that under certain experimental condi- 
tions it was possible to approach this value very closely. 
Usually, however, measured values of |a| are appreciably 
less than 1/3. This reduction in the asymmetry coefficient 
differs for different materials, but even in a given target 
exposed to different positive-muon beams, the asymmetry 
coefficient may be found to vary. The observed reduction in 
the asymmetry coefficient compared with its limiting vaiue 
is due to depolarization of the positive muons. Part of this 
depolarization is explained by the kinematic conditions which 
are involved in the formation of the muon beam from n —> yu 
decays in flight. Another part depends on the particular mat- 
erial used for the target, andoccurs after the muon has been 
stopped in the target. In contrast to kinematic depolarization, 
which is independent of the charge ofthe muon, target depo- 
larization is quite different for positive and negative muons. 

In most counter experiments, muon beams are produced 


IRR 


284 Muons 


from pion decays in flight. In all such beams there is an 
appreciable kinematic muon depolarization because the 
muons selected by momentum analysis and a collimator are 
produced over a relatively large angular range in the rest 
system of the pion. Since muons emittedforwards and back- 
wards in the pion rest system have opposite polarization it 
is obvious that the polarization of the muon beam emerging 
from the collimator will be less than unity even if the muon 
is fully polarized in the rest system of the pion. This prob- 
lem has been investigated quantitatively by Gol’dman [1], 
Werle [2], Hayakawa [3] and others. These workers have 
come to the following conclusions. 

Let u and 7 be the velocity and energy, respectively, of 
the pion in the laboratory system (in units of c and me), 
and let v, v' and e, e be the muon velocities and energies (in 
the same units) in the pion rest system and in the laboratory 
system respectively. It is then immediately evident that the 
muon velocity v in the pion system is approximately equal 
to 0.27, and the total muon energy e in the pion system must 
be approximately 1.04. Let ð and %@ be the angles between 
the pion and muon momenta inthetwosystems respectively, 
and let us suppose that at the instant of decay the muon is 
fully polarized along its momentum in the pion rest system 
(§ = 1). The polarization in the laboratory system is then 
given by 


/ Q 
p= (14) (6.1) 
UE : U f 


or, after a simple kinematic transformation, 
>. l 


Consider the following special cases, 

1. Let ucos = u, i.e. the muon is emitted inthe direction 
of motion of the pion. To produce a muon with energy e’, the 
pion must have the minimum energy 


“nin = € € (1 — vo) (6.3) 


and the muon remains completely polarized (&’ = 1), which 
is easily verified by substituting (6.3) into (6.2). 

2. Suppose that the muon is now emitted in the opposite 
direction. We then have cos = —1, and to produce a muon 
with energy e’, the pion must have the maximum energy 
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max = € & (1 + vv) (6.4) 


and the muon emitted backwards in the pion system must 
have a polarization of opposite sign in the laboratory sys- 
tem (Ẹ = —]). 

3. It is of interest to determine the angle ù in the pion 
rest system for which &’ = 0,i.e. theangleof emission cor- 
responding to the transverse polarization of the muonin the 
laboratory system. 

It follows from the expression for &’ that £ = 0 when cos 

a — . In the laboratory system,the angle 0 correspond- 
ing to this value of U is given by 


u 
ae e e e a (6.5) 


u 
COS U +- eens 


We note that this is the maximum possible angle of emission 
of muons in the laboratory system (threshold angle). 

Let us suppose that we record muons with given energies 
and velocities ° and v’. Such muons may originate from 
pions with energies between min and Nmax, and the mean 
polarization (€) of the recorded muons may be obtained by 
integrating the expression for & over the pion spectrum 
N (m) between nmin and max. Two cases are then of prac- 
tical interest. One of these is important for accelerator 
experiments and the other for cosmic-ray experiments. 


a. Kinematic depolarization of muons in 
accelerator experiments 
The conditions governing the formation of muon beams in 
accelerators are such that the muons leaving the collimator 
originate from pions with energies in asmall range between 
Nmin and min + An. This means that not all angles Ù be- 
tween 0 and x are used in the pion system, but only a small 
part of the angular range near 0 = 0. Integration of the ex- 
pression for &’ over the range Ayn cannow be performed by 
neglecting the change in the intensity of the muon beam, and 
the result is 
Any 


oN (6.6) 
Qe sv vu 


(§)=1— 
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since 
gu = 1.04-0.27 = 0.28 


and g ~ 2 and v’ æ 0.9 in the asymmetry experiments de- 
scribed earlier, 


Ay 

a ee N (6.7) 
l 0.28-2 -0.9 Á 
and hence for, say, An = 0.1, we have approximately 80% 
polarization, i.e. a 20% loss due to kinematic effects. 


b. Kinematic depolarization of cosmic-ray muons 

The other limiting case of kinematic depolarization is 
found in cosmic rays. Here, the geometry of the experiments 
is such that muons emitted in the angular range between 0 
and x in the pion rest system are detected, corresponding to 
the energy range min tO Nmax. ASSuMing thatthe atmospher- 
ic energy spectrum of cosmic-ray pions can be described by 
the power law 


N (n) dyn = n” dy 


and averaging the expression for & over this spectrum be- 
tween min and max, we obtain the following result for the 
mean muon polarization [1] 


Substituting n ~ 2, we find that (&’) = 0.34, from which it 
follows that cosmic-ray muons retain only about 1/3 of their 
polarization. The polarization of cosmic-ray muons has been 
investigated by Clark et al. [4], Fowler et al. [5], Barmin et 
al. [6], Dolgoshein[7], Alikhanyan et al. [8] and others [9-12]. 
The muons were brought to restintargets with low depolar- 
ization power, e.g. graphite or copper, and the numbers of 
decay positrons emitted ‘upwards’ and ‘downwards’ were 
measured. After correcting for the experimental geometry 
and for the absorption of decay positrons in the target (the 
depolarizing power is known from accelerator experiments) 
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the measured asymmetry (down - up)/(down + up) may be 
used to deduce the polarization of muons stopping in the 
targets, assuming the V — A theory. 

The most accurate values of the polarization measured in 
this way have errors of 10-15%. They were found to lie in the 
range € = 0.20-0.35 and showed a slight tendency to in- 
crease with increasing positive-muon energy. This tendency 
apparently reflects an increase of the exponent n in the pion 
production spectrum with increasing pion energy. 


6.2 DEPOLARIZATION OF POSITIVE MUONS IN MATTER 
6.2.1 Asymmetry of u* —e decays in various materials 


The asymmetries measured in nuclear emulsions are 
a characteristic example of depolarization in matter. In 
this case, the asymmetry in pte decays is determined 
for muons from positive pions stopping in the emulsion 
and there is no kinematic depolarization. Moreover, the 
asymmetry coefficient for the angular distribution of decay 
electrons in nuclear emulsions is very different from the 
limiting value a = - 0.33 corresponding to fully polarized 
muons [13-25]. 

Consider now the results quoted in [26] where most of the 
published data were summarised. The weighted asymmetry 
coefficients obtained with NIKFI-R emulsion was found to be 


a = —0.095 + 0.009 
whilst the result for Ilford G-5 emulsion was 
a = —0.139 + 0.014 


It follows that the asymmetry coefficient for the angular 
distribution of electrons from n —> p —> e decays in nuclear 
emulsions is lower than the limiting value by a factor of 3 
and even differs for different emulsions. This suggests the 
existence of strong positive-muon depolarization processes 
between production and decay. It has also been found that an 
increase in the concentration of gelatine in the emulsion pro- 
duces an increase in the asymmetry coefficient. The experi- 
ments were carried out by Chadwick et al. [24], Gurevich et 
al. [22], Weissenberg [26] and Ivanov and Fesenko [20]. The 
asymmetry coefficient obtained after diluting the nuclear 
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Table 6.1 Asymmetry coefficients tor positive muons 


Asym- 
metry 


Asym- 
metry 


Medium Error Medium Error 
coef- coef- 
ficient ficient 
Graphite HC! pH = 1.2 
” 
» Polyethylene 
Soot 2 
Bromine Polystyrene 
Al Polystyrene + 
Diamond 2% p-ter- 
2 phenyl 
» Be Propane 
» Li Benzene 
» Meg Phenylcyclo- 
” hexane 
» $i Chloroform 
” P 
» Cu S 
SiC 
B,C CsI 
A1l,0, NaCl 


MgF, 
MgO 


Fused quartz 


(SiO,) Emulsion 
Crystalline Emulsion 
quartz AgBr 
Water pH =6.5 Gelatine 
Distilled CCl, (liquid) 
water Methyl 
NaOH = 12 alcohol 


Note. * refers to data from [29]; ** refers to data from 
[28]. All the remaining numbers are taken from [27]. All the 
data given inthe table are subject to an uncertainty connected 
with the kinematic depolarization of positive muons which may 
be different for beams with different energies and different 
methods of collimation 


emulsion by a factor of 2 with gelatine was found to be 


a = —0.134 + 0.019 
for NIKFI-R emulsion, and 
a = —0.190 + 0.033 
for Ilford G-5 emulsion. Swanson [27] and Cassels et al. [28] 


Depolarization of muons 289 


have measured the asymmetry coefficient a for different 
target materials. They used a constant magnetic fieldfor the 
muon spin precession and measured the time between the 
passage of the muon into the target and the emission of the 
decay electron from it for each u — e decay. Since the muon 
spin precesses with a constant frequency inaconstant mag- 
netic field, a definite and Known spin orientation corresponds 
to each such time. This method uses all decays to obtain the 
asymmetry coefficient and thus ensures a higher statistical 
accuracy than the experiments of the Columbia group. 

A similar method has been developed by the Liverpool 
group [28]. The effectiveness of the method in increasing 
the statistical accuracy of the results is evident from the 
following figures. In the Chicago experiment the monitor- 
ing counters recorded 15 x 10° coincidences in one hour, 
which corresponded to 10° stopping muons and 4 x 10' decay 
positrons. This enabled the asymmetry coefficient a to be 
determined to within £ 0.01. 

Table 6.1 gives the values of a for the materials investi- 
gated in these experiments. The asymmetry coefficients in 
this table are corrected for the exponential decay of the pos- 
itive muons, the geometry of the experiments, and energy 
losses and scattering of decay positrons in the target in 
which the positive muons came to rest. 

It is evident from the table that for some materials - 
mainly metals and graphite - the asymmetry coefficient is 
relatively large and amounts to between 0.22 and 0.28; for 
the remaining media, the coefficient varies within wide 
limits. The very low values of a found for aluminium oxide, 
silver bromide, and quartz indicated a practically complete 
depolarization of the positive muons in these materials. 


6.2.2 Relaxation time for the positive-muon spin 


The spin relaxation time for positive muons was also est- 
imated in the above measurements. It was found that there 
was a very rapid depolarization of the positive muons in all 
the media investigated. This is evident, for example, from 
curves such as that given in Fig. 6.1, which was obtained 
for graphite (a ~ 0.22 - 0.29). Thecurveis correctedfor de- 
cays and it is clear that the precession amplitude was con- 
stant for the few microseconds during which the decay 
positrons were recorded. 
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Fig. 6.1 Asymmetry in p—e decays in graphite (corrected for 
exponential decay). The asymmetry coefficient 1s proportional 
to the amplitude of the sinusoid and is independent of time 


Similar curves with a constant modulation amplitude were 
obtained for other materials, independent of the measured 
value of the asymmetry coefficient. The fact thatthe ampli- 
tude remains constant for several microseconds shows that 
the depolarization occurs before the decay electrons arere- 
corded, i.e. the spin relaxation time for the positive muon is 
less than 0.1-1 u sec. A similar result was obtained by 
Swanson [27], who estimated the relaxation time by doubling 
the magnetic field rotating the spinofthe positive muon, and 
at the same time reducing by a factor of 2 the delay time 
and width of the gating pulse. He didnot find a change in the 
modulation amplitude, which indicates rapid depolarization. 
These results suggest that depolarization is produced by a 
universal mechanism. 

The only known exception to this rule is boron carbide 
(Fig. 6.2), for which the asymmetry has a maximum at the 
beginning of a cycle (a = 0.23) and fallsoffwith a relaxation 
time of 6.5 usec, which suggests a different depolarization 
mechanism in this particular material. 


6.2.3 Depolarization of muons during the slowing-down process 


The depolarization of a muon in a medium in which it is 
Slowed down may be divided into two stages: depolarization 
in flight, which occurs during the slowing-down process and 
depolarization after the muon has been practically brought 
to rest. The former is due to scattering by the Coulomb 
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Fig. 6.2 Asymmetry in u—e decays in boron carbide 
(corrected for exponential decay). The asymmetry 
decreases with a relaxation time of 6.5 psec 


fields of nuclei and electrons, and has been calculated by 
Ford and Mullin [30], Bincer [31] and Wentzel [32], who 
showed that this depolarization is negligible. For example, 
Wentzel [32] obtained the following expression for the mean 
square angle of rotation of the spin during the slowing down 


of a particle by Coulomb scattering from nuclei: 


Gje ane 
32 m, \ E) 


This quantity is negligible for muons from n — u decays in 
emulsions (v/c = 0.27), and even for v/c ~ 0.8 - 0.9, which 
corresponds approximately to the case of accelerator exper- 
iments, (0?) is very small. 

Depolarization of very slow muons is due to two mechan- 
isms: the effect of magnetic fields inthe medium on the mag- 
netic moment of the free positive muon andthe formation of 
atomic systems, i.e. muonium in the case of positive muons 
and mesonic-atom systems, for negative muons. Consider 
the first process. The magnetic field perpendicular to the 
spin of the positive muon produces a precession with Larmor 


frequency 


o = g æ 10°. H rad/sec 


C 
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It follows that a magnetic field of 5 gauss will produce com- 
plete depolarization (wt ~ 1) during the lifetime ofthe posi- 
tive muon (~2 psec). It is evident that the effect of strong 
but short-term internal magnetic fields will be much weaker. 
Consider, for example, the depolarization of a positive 
muon in a gas at a pressure of 100 atm, and let us estimate 
the depolarization occurring as a result of slowing down to 
thermal velocities (v ~ 10° cm/sec) by collisions with atoms 
and molecules in the gas. The precession angle due to mag- 
netic fields of electrons acting on the positive muon is Ù; = 
10° Hx. If we assume that the collision time t corresponds 
to the time taken by the positive muon to traverse one Bohr 


—8 
a = 1071: sec, and if H is taken to be 


the magnetic field of an electron at a distance of one Bohr 
radius (H ~ 10° gauss), we findthat the precession angle per 
collision is 0) = 6 x 10° rad. The mean precession angle 
during the lifetime of the positive muon will therefore be 
equal to about %) Vn, where n is the number of such colli- 
sions. The number of collisions in a gas at 100 atm is 10™"- 
10! sec?! which yields 10° collisions per muon lifetime, and 
hence ð = 0.1 rad. It is evident that local fields due to elec- 
trons in the gas cannot give rise to appreciable depolariza- 
tion, and therefore depolarization due to the formation of 
atomic systems is the only important depolarization mecha- 
nism, The large asymmetry coefficient observed for positive 
muons stopping in graphite and in metals (Table 6.1), i.e. 
media with high concentrations of conduction electrons, is 
indirect evidence for the validity ofthis conclusion. In media 
such as these, the coupling between the spin of the captured 
electron and of the positive muon is broken by strong 
Coulomb interactions with conduction electrons, atomic sys- 
tems cannot form and there is no depolarization, The magni- 
tude of this effect was obtained by Yakovleva [33]. 

The effect of the density of conduction electrons on the de- 
polarization of muons was investigated by Feher et al. [34], 
who studied the asymmetry in p* — e’ decays for positive 
muons stopping in n- and p-type germanium and silicon. By 
varying the concentration of the n-impurity (phosphorus) in 
the n-silicon, the density of conduction electrons could be 
varied between 10!" and 10!° per cm? .When this was done, an 
increase was observed in the asymmetry coefficient from 
very low values (-0.02 to -0.04) to a= -0.3, which is not 
very different from the limiting value of -1/3. 


radius, we have tx 
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6.2.4 Effect of magnetic field on positive-muon polarization 


It was shown in Chapter 2 that when a nuclear emulsion was 
placed in a magnetic field of the order of 20,000 Oe, the 
asymmetry coefficient a increased by a factor of about 3. 
This phenomenon has been qualitatively explained as a re- 
duction in depolarization due to the formation of muonium. 
In this section we shall review in greater detail experi- 
mental data confirming the validity of the above discussion 
of the depolarization of positive muons through the forma- 
tion of muonium. 

If the above theory is correct, the role of the magnetic 
field in eliminating depolarization reduces to the decoup- 
ling of the interaction between the magnetic moments of the 
positive muon and the electron in the muonium atom. The 
necessary condition for this to occur is that the magnetic 
energy of the muonium in the magnetic field H, which is 
equal to u H — p.ff, should be much greater than the hyper- 
fine-structure splitting energy 


AW a ehu (6.8) 
3 Qe 


where tt. and tt, are the magnetic moments of the electron 
and the muon respectively, and a,, is the radius of the first 
Bohr orbit of muonium. The hyperfine splitting AW is equal 
to 1.84 x 10° eV, whichcorresponds to afrequency Av x aa 
The precise value of this quantity, including radiative cor- 
rections for the magnetic moments of the muon and electron, 
the reduced mass of the electron in muonium, and the Breit 


relativistic effect, is 


(AV) roo: = 4463.13+0.10 Mc/s 


Depolarization is absent if 


(My — Be) H > AW (6.9) 


n AW 
Let H= Jue My) 


preted as the magnetic field due to the positive muon at the 
electron orbit in the /S state of the muonium atom, and the 
condition given by (6.9) is equivalentto H >1588 gauss. The 
principle of experiments in which the magnetic fieldis used 


. The field Hy + 1588 gauss can be inter- 


294 


(Mu, Me): 
ERRA 
g 2 7) 
6 =+7 
(Em) =11 ars 
4 | 72 2’ 2 


; m m=0 


Fig. 6.3 Breit-Rabi diagram 
for the energy levels of the 
ground states of muonium in 
a magnetic field. The level 


energy < for different F, mp 
(weak fields) and m, me 


a> (strong fields) is plotted as 
Ey ZG 4 d ed a function of x = H/Hy. To 


zA obtain the energy, the mag- 


m=-1 
a (00) i mes nitude of «e must be multi- 
(0-1) =f gia plied by %4AF where AF = 
-6 1.84 x 10° eV is the hyper- 
as fine splitting corresponding 
2’ 2 tov = AE/h = 4460 Mc/s 


to eliminate the depolarization of positive muons may be 
understood from the Breit-Rabi diagram for the energy 
levels of the ground state of muonium (Fig. 6.3). Let the 
direction of the applied field H be opposite to that of the 
positive-muon beam which we shall assume to be completely 
polarized. When such positive muons capture unpolarized 
electrons from the medium, the total angular momentum F 
of the resulting muonium atom may be either 1 or 0, and 
the hyperfine-structure states characterized by the total 
angular momentum F and the z component mprof this angular 
momentum along the direction of H are of the form (cf. 
Breit-Rabi diagram for low x) 


l, —I, 
Pe pee E 
( ’ Mr) 0, 0. 
I, +l. 
The first state (1, -1) cannot be achieved because the mag- 
netic moment of a completely polarized muon is parallel to 
the magnetic field and therefore the level population is 0, 
1/4, 1/4 and 1/2 respectively. In the (1, +1) state, the posi- 
tive muon retains its polarization completely, whilst in the 
states (1, 0) and (0, 0) the muon is completely depolarized. 
This may be interpreted physically as follows. The electron 
Spin precesses in the magnetic field of the positive muon. In 
the mp = 1 state the electron cannot change the direction 
of its spin because my, = 1 is a good quantum number. 
However, the electron spin can change its direction in the 
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mp = Q states. This produces a change in the direction of 
the spin of the positive muon, so that the resultant component 
of the angular momentum remains equal to zero (mp = 0). 
This preferential rotation of the positive-muon spin will 
occur with a frequency Av = 4463 Mc/s, which means that 
there will be complete depolarization of positive muons in 
the (1, 0) and (0, 0) hyperfine-structure states. 

In very strong magnetic fields H » Ho, the magnetic coup- 
ling between the meson and the electronis disrupted and the 
magnetic quantum numbers of the electron and the muon, m, 
and m,, are good quantum numbers. Hence, instead of the 
states (F, mr) we have the states 


—1 /2, —] /2, 
—1/2, hz; 
kes —1/2, 
sae TL72 


(ty; Me) — 


with relative populations of 1/2, 1/2, 0 and 0 (cf. the Breit- 
Rabi diagram for large x). Boththe populated states conserve 
the polarization of the muon. Simple quantum-mechanical 
calculations (cf. for example [35], [36], [37], [38]) show that 
in the general case the positive-muon polarization is given by 


= ne ele eae 
= 2 2 ee 


2 
RE | (6.10) 


where x = H/H. The first term in this formula corres- 
ponds to polarization connected with the formation of the 
triplet state of muonium, and the second represents the res- 
toration of polarization by the magnetic field, which is con- 
nected with the state mpr = 0. The observed asymmetry in 
the angular distribution of electrons is then of the form 


Ne (8) dQ = (1 + Pacos 9) dQ 
where a is the maximum possible asymmetry coefficient and 


0 the angle between the muon spin direction and the momen- 
tum of the electron at the instant of decay. 


he P 
Measurements of the asymmetry coefficient a = for de- 


cays in emulsions placed in a high magnetic field were per- 
formed by Barkas et al. [39], Orear et al. [40], Ali-Zade 
[41], Weissenberg et al. [43, 44] and Gurevich et al. [62]. The 
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last authors have carried out measurements in a pulsed 140- 
kgauss field, using the Dubna synchrocyclotron. The meas- 
ured asymmetry coefficients are listed in Table 6.2, 

It is evident from the table that data on the magnitude of 
the asymmetry coefficient in the range between 17 and 35 
kgauss show that there is practically no increase in the 
asymmetry with increasing magnetic field. On the other 
hand, it follows from the V — A theory that at the maximum 
value of 140 kgauss the asymmetry coefficient approaches 
the limiting value of 1/3. This may beregarded as evidence 
for a slow approach of the asymmetry coefficient to the 
limiting value with increasing magnetic field. Fig. 6.4 [63] 
combines nearly all the known published data on the mag- 
netic-field dependence of the asymmetry coefficient. This 
figure plots P= 3a as a functionof x = H/H). The last point 
a= -0.325 Ł 0.010 for H =140 kgauss is not shown on the 
graph. Analysis of all the emulsion data shows that they can- 
not be fitted withthe function P(x)obtainedon the assumption 
of single muonium production and that an additional depolar- 
ization mechanism must be postulated. This may be charge 
transfer in which the emitted muon loses and captures an 
electron several times. This mechanism was considered by 
Ferrell et al. [38]. If the mean lifetime of muonium after 
each such capture (expressed in units of h/AE =3.6 x 10" 
sec) is denoted by t/2, the dependence of the polarization 
on the magnetic field is 


l l 
P= Pol lae 
| liner) | 


1 


If there is only one capture (n = 1,t = œ ), this formula 
becomes identical with (6.10). For a high magnetic field this 
yields P —> Po, whereas for low fields it is capable of ex- 
plaining the fact that the initial polarization is not equal to 
Po/2 because of the term t. 

The effect of electrons in the medium on the muonium de- 
polarization mechanism was discussed in the most general 
form by Nosov and Yakovleva [63]. These workers derived 
the following formula for the polarization as a function of 
field in emulsions: 


Per jt 2x (l n eee (6.11) 
2114x“) 91+ x4+vrt) 
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where f is the fraction of muons slowed down in gelatine, 
v the electron spin flip frequency which is a parameter re- 
presenting the interaction of an electron in the muonium 
atom with the medium, and t the chemical relaxation time 
for muonium in the medium. Muonium turns outto be chem- 
ically bound for an average time of t and its depolarization 
ceases (for the ordinary chemical bonding with compensated 


L? IAT 


A kgauss 


Fig. 6.4 Dependence of the asymmetry coefficient for p~e 
decays in emulsions on the magnitude of the magnetic 


field [63] 


spin pairs). The quantity f in (6.11) represents the fraction 
of muons, which have slowed down in gelatine, for which vrt 
< 1. 

The solid curve in Fig. 6.4 shows the dependence described 
by Equation (6.11) with f ~0.6 and vt = 80 (these para- 
meters represent the best fit). Itis clear that this curve is in 
good agreement with all the experimental data. For very high 
fields, when x ẹ vt » 1, Equation (6.11) assumes the sim- 
pler asymptotic form 


P = 1— 30/x? 


This explains the slow approach of the polarization to unity 
which was demonstrated by Gurevich [62] (Table 6.2). 
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6.3 SEARCH FOR THE TRIPLET STATE OF MUONIUM 


In this section we shall consider dataon muonium obtained 
by other methods. Sens et al. [45] placeda target consisting 
of fused quartz or anuclear emulsion inthe longitudinal mag- 
netic field of a solenoid, andmeasuredthe asymmetry in the 
emitted positrons with scintillation counters. Their results 
are in agreement with the emulsion data and show that the 
asymmetry rises rapidly as the magnetic field is increased 
from 0 to 7 kgauss, and that additional depolarization con- 
nected with multiple losses and captures of electrons by the 
positive muon must be taken into account. Quantitative analy- 
sis of these data is, however, difficult because it is not 
easy to correct for instrumental effects and systematic 
errors. 

The most direct indication of the existence of muonium is 
the detection of its triplet state from the precession of the 
muonic atom, These experiments are analogous to the experi- 
ments of Lederman et al., except that the precession of the 


Table 6.2 


Magnetic 
Reference field, 


0.325 0.010 


triplet state of muonium, whose magnetic moment ishigher 
by a factor of about 207 than the magnetic moment of the posi- 
tive muon and whose spin is higher by a factor of 2, should 
occur with a frequency which is higher by a factor of 103. 

Swanson [27], and Cassels et al. [28] have tried to detect 
the triplet state of muonium. The principle of the experiment 
is that, in a field which is about 100 times smaller than the 
field used for the precession of the free muon, the triplet 
state of muonium will precess with a frequency approxi- 
mately equal to the precession frequency of a free positive 
muon, Swanson reduced the field to 0.4 gauss and looked for 
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the precession of the magnetic moment of triplet muonium 
in fused quartz, liquid glass and teflon. 

The Liverpool group[28] investigated polystyrene contain- 
ing 2% p-terphenyl, carbon tetrachloride, methyl alcohol and 
water in a field of 0.7 gauss. Liquids were chosen for some 
of these experiments because it was hoped that the effect of 
local magnetic fields capable of changing the spin direction 
of muonium in the triplet state wouldbe lower than in solids. 
Swanson’s experiments show that the amplitude ofthe modu- 
lation in the intensity of decay electrons corresponding to 
the triplet muonium was 0 = 8% of the amplitude of the cor- 
responding precession of the free positive muon in graphite. 
The result of the Liverpool group was 0 £ 2%. 

Although the first search for the triplet state in solids and 
liquids was unsuccessful, the triplet state of the muonium 
atom has been detected for positive muons stopping in gas- 
eous targets. The first successful experiment of this kind 
was due to McColm et al. [48], who observed Zeeman tran- 
sitions induced by high-frequency fields between the F = 1 
magnetic sub-levels of muonium (Fig. 6.3) for positive 
muons stopping in N,O at a pressure of 50 atm. The triplet 
state was also detected by Hughes et al. [47], who used an 
argon target at a pressure of 50 atm and observed the pre- 
cession of triplet muonium. This experiment is illustrated in 
Fig. 6.5. The Helmholtz coils surrounding the gas target pro- 
duced a field of 3-5 gauss at right angles to both the initial 
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Fig. 6.5 Experiment on the 
transition of the triplet state 
of muonium produced by stop- ‘a — aha 
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direction of the positive-muon spin (which was parallel to 
the direction of the beam, indicated by the arrow) and the 
direction of a line drawn from the gas target to the counter 
telescope detecting decay positrons. The time interval be- 
tween the entry of a positive muon into the argon target (123 
coincidences) and the 45 pulse in the positrontelescope was 
recorded providing it appeared within the time interval 
0.2-20 u sec following the first pulse. The measured decay- 
time distribution was subjected to harmonic analysis in 
order to determine the amplitude corresponding to the pre- 
cession frequency of the triplet muonium. This analysis 
clearly showed the presence of a resonance at 6.2 Mc/s ina 
field of 4.5 gauss, and at 5.3 Mc/s in a field of 3.9 gauss. 
These frequencies agree to within 5% withthe expected pre- 
cession frequencies for triplet muonium in these fields. 
Analysis of the data has also shown that practically all the 
positive muons stopping in argon form muonium and that 
the mean lifetime of the muonium atom in argon at 50 atm 
is roughly the same as the lifetime of the free positive 
muon. 

Prepost et al. [46] used an argon-gas target in an experi- 
ment similar to that discussed above using emulsions in a 
magnetic field. On increasing the fieldfrom 0 to 6000 gauss, 
he observed an increase in the asymmetry, which was in 
qualitative agreement with a characteristic field Ho = 1560 
gauss. 

Finally, Bailey et al. [49] succeeded in observing transi- 
tions induced by high-frequency fields from the states 
(My, Me) == (1/2, 1/2) to the states (-1/2, 1/2). This experi- 
ment is illustrated in Fig. 6.6,inwhichthe argon-gas target 
includes a resonant cavity fed from a microwave source at 
1850 Mc/s. The target was in a constant magnetic field which 
was varied in steps of 20-60 Oe in the range 5700 £ ~ 250 
Oe. Positive muons stopping in the gas target were indicated 
by_123 coincidences and the emission of decay positrons by 
342 coincidences delayed by 0.1-3.3 psec relative to the 
123 pulse. The experiment involved determining the coinci- 
dence ratio R = (342)/(123) with and without the high- 
frequency field for different values of the steady magnetic 
field. The magnetic field at resonance corresponding to the 
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Fig. 6.6 Measurement of the hyperfine splitting in the 
1°Sy, state of muonium. The direction of the magnetic 
field (= 5700 gauss) is parallel to the direction of the 
spin of the positive muons. Positive muons stopping in 
the gas are indicated by 123 coincidences, decay elec- 
trons leaving the target by 342 coincidences 
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Fig. 6.7 Resonance curve showing R as a function of 
the constant magnetic field 
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can readily be deduced from the Breit-Rabi diagram (Fig. 
6.3). One of the resonance curves obtained inthis experiment 
is shown in Fig. 6.7. The experimental resonance frequency 


Av = 4461.3 + 2.2 Mc/s 


is in good agreement with the theoretical result 
Av = 4463.13 + 0.10 Mc/s 


theor 


predicted by quantum electrodynamics. 

It has recently become possible to observe the precession 
of triplet muonium in materials other than argon. Zichichi 
[60] observed the precession at the frequency of triplet 
muonium in an organic scintillator cooled to -196°C, while 
Babaev et al. [61] observed this precession during the slow- 
ing down of positive muons in crystalline quartz. 


6.4 DEPOLARIZATION OF NEGATIVE MUONS 


In the first paper of Garwinet al., which demonstrated non- 
conservation of parity in n —> u — e decays, it was shown that 
the asymmetry coefficient of the angular distribution of decay 
electrons for negative muons stopping in graphite had the 
same sign as for positive muons, but was smaller by a factor 
of approximately 7. This result showed that at decay the 
negative muons had lost a considerable proportion of their 
initial polarization. 

Table 6.3 shows the asymmetry coefficient for negative 
muons stopping in different elements, All the main isotopes 
of these elements have zero spin except for fluorine. 

The asymmetry coefficient observed for negative muons 
may be written in the form 


ay = PoP, <a 


where a is the asymmetry coefficient expected for negative 
muons in the absence of depolarization. The V — A theory 
predicts a = -1/3. The coefficient P; is equal to the polar- 
ization of negative muons entering the target and (1 — P)) is 
the depolarization produced by the targetitself. P; is there- 
fore the polarization retained at the instant of decay by 
muons which are fully polarized on entering the target. For 
positive muons we have 


+. Dt. Dt. pt 
Qy = Pi -Pa 
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Table 6.3 


Reference 


0.01 +0.01 
0.040 0.005 
0.054 0.006 
0.069 0.011 
0.043 £0.005 
0.011 £0.010 
0.058 £0.008 
0.053 £0.009 
0.046 £0.009 
0.042 £0.006 
0.040 £0.006 
0.056 £0.011 
0.055 +0.012 
0.054 0.013 


Pı represents the kinematic depolarization of the positive 
muons. Assuming that this parameter is thesame for muons 
of either sign, and recalling that a =a‘, we obtain 


= Q ae 
Po =] Ps 
Qy 


To find the polarization of negative muons at the instant of 
decay, we must therefore know the asymmetry coefficient 
a;, and the residual polarization P} in a given target. Table 
6.1 shows that for graphite aj = -0.229 + 0.008 and P} = 0.79 
t 0.07 (Lynch et al. [40]). The corresponding values of P3 
are given in Table 6.3. It is evident from these data that 
hydrogen and fluorine will depolarize stopping negative 
muons almost entirely, whilst the remaining materials de- 
polarize negative muons more effectively than positive 
muons by a factor of about 5. 

A negative muon decays in matter from the K shell of the 
mesonic atom and therefore the mechanism responsible for 
depolarization is very different from the mechanism in the 
case of positive muons, which decay either from the free 
state or after forming muonium. The history of a negative 
muon in matter may be considered in the following stages: 

1. Slowing down to velocities at which capture into an 

orbit of a mesonic atom becomes possible. 

2. Transition from the continuous spectrum to a bound 
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state in one of the distant orbits of the mesonic atom 
with large n and /. 

3. Cascade transitions to the ground state ofthe K shell in 

which the negative muon decays. 

The first of these stages does not contribute appreciably 
to depolarization. Depolarization in the last two stages is 
determined mainly by the spin-orbit interaction and, if the 
nucleus has a spin, there is also a contribution due to the 
hyperfine interaction between the spins of the muon and the 
nucleus. The magnitude of depolarization on capture to 
higher levels and in the process of cascade transitions was 
calculated for spinless nuclei by Shmushkevich [50], Dzhr- 
bashyan [51] and Mann and Rose [52], who arrived at the 
following conclusions. After the initial capture, the negative 
muon retains about 1/3 of its initial polarization. In light 
elements, this is followed by the emission of a few Auger 
electrons until the negative muon reaches a state with prin- 
cipal quantum number 3 or 4. Further radiative transitions 
take the negative muon to the ground state and as a result 
it loses a further 50% of the remaining polarization. The 
final polarization of the muon is therefore about 1/3 x 1/2, 
approximately 17% of its initial value. This figure is in 
good agreement with the magnitude of P; obtained for spin- 
less nuclei (Table 6.3). If the spinofthe nucleus is not zero, 
the spin-spin interaction between the muon and the nucleus 
gives rise to additional depolarization inthe K shell. Überall 
[53], Lubkin [54] and Bukhvostov and Shmushkevich [55] 
have shown that this additional depolarization is equal to 


l 2 

3 [14 a 
when only the hyperfine splitting of the /S level is taken into 
account, where / is the spin of the nucleus. For a nucleus 
with 7 = 1/2 this amounts to 50%. It follows that the expected 
value of P; for fluorine nuclei is 8%. This is consistent with 
the experimental result 4 + 4% (Table 6.3). 

Liquid hydrogen is another medium withvery low residual 
polarization. The mechanism responsible for the depolariz- 
ation of negative muons stopping in liquid hydrogen was eluci- 
dated by Bukhvostov et al. [55], who showed that the main 
process was the scattering of neutral mesonic atoms of 
hydrogen by protons: 


(H) + H —> (WH) + H 


Depolarization of muons 305 


There is a high probability for proton exchange and the sim- 
ultaneous transition of the mesonic hydrogen atom to a lower 
hyperfine state characterized by zero total angular momen- 
tum. Since the exchange probability in liquid hydrogen 
(approximately 10° sec™!) is larger by three orders of mag- 
nitude than the decay probability of the negative muon (0.45 
x 10° sect), the mesonic atoms will all undergo transitions 
to the hyperfine ground state during the lifetime of the neg- 
ative muon. This process will result in the depolarization 
of negative muons. 


Chapter 7 


COSMIC-RAY MUONS 


7.1 ORIGIN OF THE MUON COMPONENT 


There are two sources of muons: cosmic rays and pion 
beams produced by accelerators. Despite the fact that the 
muon intensity in cosmic rays is lower by several orders 
of magnitude than the intensity which can be produced with 
modern accelerators, all the main properties of the muon, 
such as charge, mass, decay scheme, spin, mean lifetime, 
and even the nature of its interaction with nuclear matter, 
were established before the advent of large accelerators. 
Throughout this book we have not referred to cosmic-ray 
experiments to any great extent because accelerator data 
which were obtained subsequently are, of course, more 
accurate. 

In this final chapter, we shall review the main properties 
of the muon component of cosmic rays. This component is 
of secondary origin since it is produced by the decay of 
high-energy pions. Muons penetrating the atmosphere carry 
traces of the characteristic features of the interactions in 
which the primary pions were produced. Studies of the pro- 
perties of the muon component, such as its variation with 
altitude, its energy spectrum, geomagnetic effects and its 
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genetic connection with other cosmic-ray components, may 
throw light on the elementary processes leading to the 
formation of pions and other primary particles. This latter 
problem, however, lies outside the scope of this book. 

This chapter is concerned mainly with the properties of 
the muon component as a source of muons. In some respects, 
this is a most convenient source. The spectrum of cosmic- 
ray muons extends from low momenta of the order of 10 
MeV/c to an enormous value of the order of 10°-10° MeV/c, 
This means that experiments can be carried out either 
with slow muons, which can be brought to rest in a few 
grammes of matter, or with high-energy muons which are 
capable of penetrating hundreds of metres of dense mate- 
rial. The range of phenomena corresponding to this energy 
spectrum is also enormous: at one end, for example, there 
are the properties of muonic atoms and, at the other, 
searches for anomalous phenomena in the interaction of 
high-energy muons with matter. 


7.2 MAIN COSMIC-RAY COMPONENTS 


The basic experimental fact about cosmic rays in the 
earth’s atmosphere is that they consist of a hard anda 
soft component. This can be easily demonstrated by meas- 
uring the absorption of cosmic rays with a Geiger-counter 
telescope together with additional devices consisting of 
small counter hodoscopes for recording cascade showers 
produced by high-energy electrons in lead plates as they 
pass through the telescope. This method may be used to 
show that the soft component is completely absorbed by 
10-15 cm of lead and consists mainly of electrons. The hard 
component, which amounts to about 80% of all particles in- 
cident on the instrument atsea level, consists of high-energy 
muons, a proportion of which are capable of penetrating 
enormous amounts of matter. 

Let us consider some of the data onthe absolute intensity 
of the hard component. For example, at sea level near the 
geomagnetic latitude 50°N the intensity of the hard compo- 
nent in the vertical direction is /, = 0.89 x 10° sec cm? 
sterad!. At 4300 m above sea level /, = 2.50 x 10°” sec" 
cm`™°? sterad`. 

Fig. 7.1, whichis taken from Puppi’s review [1], illustrates 
the composition and the altitude variation of cosmic rays. 
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I — protons and a particles 
2 — electrons;  8-— mesons; 
4 — total intensity 


Fig. 7.1 Altitude variation 

of the main components of 

cosmic radiation for 50°N. 

_ The intensity is plotted as 

. function of the depth i 

O 100 400 600 Bit U0 1200 a function of the depth in 
t, g/cm? in the atmosphere 


The intensity of the various components is shown as a 
function of depth ¢ in the atmosphere (sea level corre- 
sponds to ¢ = 1030 g/cm’). Curve 1 gives the intensity of 
protons and a particles which form the main part of the 
primary cosmic radiation incident on the earth’s atmos- 
phere from outer space. Curve 2 gives the intensity of the 
electron-photon component of cosmic radiation which is 
almost entirely absorbed by 10 cm of lead. This compo- 
nent is of secondary origin, having been produced mainly 
from the decay of neutral pions into high-energy photons 
and muons into electrons and neutrinos in accordance with 
the decay schemes 


ne —> y+ y 
Pe sevice w 


and subsequent electromagnetic cascade processes. Curve 
3 shows the altitude variation of the intensity of the meson 
component of cosmic rays which consists mainly of muons. 
In fact, the mean lifetime of muons is about 2.2 usec, which 
is longer by roughly two orders of magnitude than the life- 
times of pions and kaons. Moreover, muons have a very 
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weak interaction with nuclei, while the interaction range 
for pions is of the order of 100 g/cm?. Therefore, only 
muons survive and penetrate large thicknesses of matter, 
while pions and kaons decay, or are absorbed, near the 
point at which they are produced. 


7.3 MUON ENERGY SPECTRUM AT SEA LEVEL 


The energy spectrum of muons at sea level is the most 
thoroughly investigated characteristic of cosmic rays. Most 
of the early measurements, i.e. those carried out prior to 
1948, were reviewed and unified by Rossi [2]. Most of them 
were performed with Wilson cloud chambers in magnetic 
fields. The final spectrum obtained in this review extends 
to momenta of pe ~ 2 x10" eV/c and is shown in Fig. 7.2 
(solid curve) on a logarithmic scale. The spectrum obtained 
by Rossi passes through a maximum in the region (4-6) 
x10%eV/c and falls off rapidly with increasing momentum, 
For momenta greater than 4 x 10° eV/c it may be repre- 
sented by a power law M(p)dpxp "dp, with n ~ 1.8. 
Glaser et al. [3] extended the measured muon spectrum to 
7 x10"%eV/c using two cloud chambers separated by a 
magnetic field produced by an electromagnet. By measur- 
ing the magnetic deflection for 1547 particles of the hard 
component they showed that the spectrum may be described 
by the power law p “dp, with n= 1.8 4 0.2 for (2.5-10) 
x10°eV/c and n =2.1 + 0.6 for (10-70) x 10° eV/c. 

An important disadvantage of the cloud-chamber method 
is the small relative aperture which makes it difficult to 
accumulate adequate statistics at large momenta, and also 
appreciable distortions of the trajectory in the filling gas, 
which restricts measurements of high momenta. Large 
hodoscope systems consisting of Geiger counters in a mag- 
netic field are free from these disadvantages. This method, 
which was first used by Alikhanyan et al. [4], led to a very 
rapid increase in the available statistics and to an increase 
in the maximum measurable momentum by several orders 
of magnitude. The experiment is illustrated in Fig. 1.3, 
where N,S are the poles of the permanent magnet (pole area 
50 x12.5 cm?, air gap 8 cm, field 3840 gauss). The first 
three rows of counters were used to determine the coordi- 
nates of the trajectories of the particles which passed 
through the instrument and were deflected by the magnet. 
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Fig. 7.2 The Rossi spectrum based on measurements per- 
formed up to 1948 and the spectrum of Caro et al. obtained 
with the Melbourne magnetic spectrometer 


Counters in the last (fourth) row could be used to distinguish 
the soft component from the hard, which consists mainly of 
muons. The soft component, which consists mainly of elec- 
trons, can be identified more efficiently by adding one or 
more hodoscope counters separated by lead absorbers. In 
such a system, hodoscope counters detect cascade multipli- 
cation of electrons in lead, while muons pass through the 
telescope as single particles. 

Fig. 7.2 also shows the muon spectrum obtained with the 
large magnetic spectrometer built by Caro et al. [5]. This 
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N, S — magnet poles; 1, 2— hodoscopic counters 
defining particle track direction; 3 — counters 
defining the deflection of the particle in the 
magnetic field; 4 — counters for the separation 
of the soft and hard components; A — absorber 
Fig. 7.3 Principle of the cosmic-ray spectro- 
meter (Alikhanyan and Alixhanov) 


spectrum extends to 5 x10" eV/c. The Rossi and Caro spec- 
tra are in good agreement for momenta below 10! GeV/c. 
At higher momenta the spectrum measured with the mag- 
netic spectrometer falls off more rapidly than Rossi’s 
spectrum. This is probably due to an underestimate of 
the uncertainty in the early momentum measurements 
which are included in Rossi’s spectrum. These uncertainties 
may be due, among other things, to turbulence in the cloud 
chamber. 

Similar measurements were carried out by the Manchester 
group in the momentum range (0.5 < p< 20) x10° eV/c 
[6, 7]. Their magnetic spectrometer consisted of two elec- 
tromagnets, one above the other, and counter hodoscopes. 
They examined the spectra of 60 000 particles and because of 
the improved statistical precision these measurements may 
be taken as standards in this range. The resulting spectrum 
is shown together with the Rossi spectrum in Fig. 7.4. 
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Fig. 7.4 Muon momentum spec- 


trum obtained by Owen and 
Wilson with the Manchester spec- 
| trometer in the range 0.5 x 10°-2 
x 10'°eV/c. Broken curve shows 
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Measurements of the muon spectrum for mesons arriving 
in the vertical direction have been extended by Pine et al. 
[8] to higher momenta (Cornel University), Holmes etal. [9] 
(Manchester) and Ashton et al. [10] (Durham spectrometer). 
All these experiments used large magnetic spectrometers 
and the muon spectra were established up to momenta equal 
to 1.75 x10", 1.16 x10 and 1.7 x10! eV/c respectively. 
In the Manchester spectrometer [11] cloud chambers were 
placed above each of the Geiger-counter trays. The upper 
window of each chamber carried a coordinate grid and the 
measurements involved the determination of the coordinates 
of the point at which the trajectory cutthe grid. The principle 
of these measurements is clear from Fig. 7.5, where the 
shaded regions show the magnetic fields produced by the 
upper and lower electromagnets and A,B,C are the points 
of intersection of the trajectory with the cloud chambers. 
A similar method has been used by the Cornel group. The 
spectrum reported by Ashton et al. was obtained with a 
large magnetic spectrometer 5-m long and the maximum 
momentum measured was about 10'? eV/c. The deflection 
of muons by the magnetic field was measured with the aid 
of Geiger counters and neon-filled tubes [12]. 

The intensities of the muon component per unit solid 
angle in the vertical direction obtained with these three 
spectrometers are shown together in Fig. 7.6. Below 10" 
eV/c the statistical uncertainties are very small and the 
corresponding experimental points are therefore not shown 
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Fig. 7.6 Muon momentum spectrum ob- 
tained by Pine et al., Holmes et al. and 
Ashton et al. Experimental points are 
indicated only for momenta greater than 
80 GeV/c. The spectra are normalized 
to p= 10° eV/c 
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in this figure. The intensity decreases very rapidly with 
increasing momentum and can be described by a power 
law of the form p “dp with n between 2 and 3 for momenta 
between approximately 10° and 10" eV/c. 


7.4 THE ENERGY SPECTRUM OF MUONS AT 
LARGE ZENITH ANGLES 


The intensity of the muon component is amaximum in the 
vertical direction. Its total intensity falls off very rapidly 
with increasing angle to the zenith. As anexample, consider 
the data of Allen and Apostolakis [13] obtained with a mag- 
netic spectrometer at sea level. These results are shown 
in Fig. 7.7 in which the intensity of muons with momenta 
greater than 10° eV/c is plotted as a function of the zenith 
angle. It is evident that with increasing zenith angle there 
is an exceedingly rapid reduction in the total intensity of 
the muon component, 

Very interesting data were obtained on the intensity and 
energy spectrum of high-energy muons arriving at large 
angles to the vertical. Such muons arrive from an almost 
horizontal direction and originate from pions travelling in 
this direction. The pions are produced in the rarefied gas 
of the upper atmosphere and those travelling horizontally 
have a much longer path before interaction than those 
travelling vertically. Pions travelling in the horizontal 
direction therefore have a much greater probability of 
producing decay muons than those arriving in the verti- 
cal direction. The muon energy spectrum will therefore 
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become enriched with high-energy muons as the zenith angle 
increases, and the muon intensity at very high momenta may 
even exceed the muon intensity in the vertical direction. 
This effect was first pointed out by Jakeman [14] who meas- 
ured the intensity of muons with momenta greater than 400 
GeV/c arriving in the horizontal direction at sea level, He 
showed that the intensity was much greater than the intensity 
of high-energy muons in the vertical direction. A similar 
result was obtained by Wilson [15]. Fig. 7.8 shows the re- 
sults of Ashton and Wolfendale [16] who deflected muons 
arriving at 80° to the zenith in magnetized iron. The muon 
spectrum for the vertical direction is shown together with 
the theoretical spectrum obtained by Apostolakis and Allen 
[13] on the assumption that the only source of muons is 
mw decay. It is evident that the intensities are equal for 
momenta of the order of 10" eV/c, and that muons arriving 
at 80° have a harder spectrum, Sheldon and Duller [17] used 
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Fig. 7.8 The spectrum of muons arriving at a 
zenith angle of 80° (experimental points) 
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a counter telescope to determine the intensity of the muon 
Component at different depths underground for a zenith 
angle of 69 + 3°. They showed that, at depths greater than 
about 140 m of water equivalent, the muon intensity begins 
to exceed the intensity of the muon component arriving in 
the vertical direction through the same layer of matter. 

It follows from the above data that interactions involving 
muons withenergies greater than about 10" eV are best in- 
vestigated with muons arriving at angles near the horizontal. 


7.5 ENERGY SPECTRUM OF LOW-ENERGY 
COSMIC-RAY MUONS 


The muon energy spectrum shown above exhibits a rapid 
reduction in intensity with increasing momentum, andcan be 
described by the power law p "dp, withn between 2 and 3, 
for momenta between 10° and 10'' eV/c. 

We will now consider the low-energy endofthe spectrum, 
to the left of, or near, the maximum. It is this part of the 
spectrum which is the source of slow muons in experiments 
in which muons are brought to rest in a target in order to 
study decay or capture reactions. 

The maximum in the muon momentum spectrum is due to 
the fact that as the muon energy decreases, there is an in- 
crease in the specific ionization loss and a reduction in the 
relative importance of the relativistic time dilatation effect 
so that the lifetime approaches the lifetime of the muon at 
rest ( To ~ 2.2 u sec). These two factors lead to a reduction 
in the number of slow mesons, and the spectrum falls off 
rapidly with decreasing momentum below (4-6) X10%eV/c 
(see Fig. 7.2). Fig. 7.9 shows measurements of the hard 
component in the range (2-20) x 108 eV/c [18] at a height of 
3250 m above sea level, using the spectrometer illustrated 
in Fig. 7.3. Again, there is a clearly defined maximum at 
about 6 x 108 eV/c, with a rapid decrease in intensity with 
decreasing momentum, 

At low momenta, the usual absorption method, or the 
absorption method operated in conjunction with delayed 
coincidences, become just as effective as the magnetic de- 
flection method in measurements of the intensity and energy 
Spectrum of the muon component. In the simple absorption 
method, the differential range spectrum is determined by 
counting the number of mesons which have passed through 
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Fig. 7.9 Muon momentum spec- 
trum obtained at 3250 m above 
sea level (I—p*+p, Il — yp", 


Intensity 


II — yp"). Particles included in Ni 

this spectrum passed through SARS 
6.6 cm of lead and 8 cm of ie eS ee 
graphite. Electrons were sep- Ceri elo 


arated with the aid of absorption Speedlite ce sae a the 
and multiplication in a 1,5-cm HHHH AE 


lead filter placed under the third J 5 70 1§ DP 
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an absorber of thickness R and those which have stopped 
in the next layer AR. The method of delayed coincidences 
is similar to the last method, except that muons stopping 
in the layer AR are observed by detecting delayed counts 
produced by decay electrons leaving the layer AR. This 
method is particularly useful for eliminating particle 
impurities, e.g. protons. 

To obtain quantitative information on the intensities of 
slow pions and muons, we will consider the results of 
Fotino [19] who used a cylindrical plastic scintillator of 
height 7 cm and volume 600 cm’ to determine the slow- 
muon intensity at 91, 3260, and 4310 m above sea level. 
His results are shown in Fig. 7.10, where the intensity 
given is averaged over all directions. It is evident from 
these data that at sea level the number of slow muons 
stopping in the scintillator exceeds the number of pions 
by a factor of 15, Even at a height of 3410 m this factor is 
still 2.5. 

Detailed measurements of the intensity of the meson and 
proton components of cosmic rays for ranges equivalent to 
10-300 cm of air were performed by Conversi [20], at 
heights between sea level and 10 km and at geomagnetic 
latitudes between 9 and 50°N. Some of the data are given 
in Fig. 7.11, which shows the intensity of slow mesons 
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Fig. 7.10 Intensity of slow pions and muons at 
sea level and at high altitudes 


and protons as a function of altitude for the geomagnetic 
latitude 50°N. Muons or protons which penetrated 15 cm 
of lead and came to rest in a following 10-cm layer of 
lead were recorded in these measurements. It is evident 
that near sea level the meson component has a much higher 
intensity than the proton component in the same interval of 
range: at sea level they differ by a factor of 6. The altitude 
variation of intensity is well approximated by the formula 


N (£) dt ~ e-/“dt 


where L is approximately equal to 150 g/cm? for mesons 
and 280 g/cm? for protons. Because of this difference, the 
two components are equal in intensity at about 500 g/cm?, 
and at higher altitudes the proton component predominates. 
Conversi also investigated the latitude effect for slow 
mesons. At a height of 10 km, the muon intensity in the 
momentum band 315-348 MeV/c changes by a factor of 
1.87 + 0.12 between 9° and 50° latitude. These results are 
shown in Fig. 7.12. 

The latitude effect for slow muons near sea level was 


Curve $ : L=200 g/cm? 
Curve 2: £=750 g/cm’ 


Fig. 7.11 Altitude variation in the intensity of 
slow muons and protons at geomagnetic latitude 
of 50°N, (Conversi). The intensity is plotted as 
a function of depth in the atmosphere in g/cm’ 
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Fig. 7.12 Latitude effect for slow mesons with ranges 
15 cm Pb<R<15 cm Pb + 10 cm graphite at a height 
of 10 km. The ratio of the intensity at latitude i to 
the intensity near the chamber is plotted as a function 
of the geomagnetic latitude A 
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determined by Sabramanian et al. [21] who carried out 
measurements under a depth of 800 g/cm? of the atmosphere. 
They showed that the intensity of slow muons (ranges 47-64 
g/cm?) at a latitude of 50°N is greater by a factor of 3 than 
the intensity at the Equator. The latitude effect for slow 
muons is much greater than the latitude effect averaged 
over the entire energy spectrum of cosmic-ray muons, 
which amounts to about 10-15%. This result is explained by 
the fact that low-energy muons are generated mainly by 
relatively low-energy primary cosmic rays which aremore 
sensitive to the earth’s magnetic field. 

Finally we will discuss data op the absolute intensity of 
slow muons at sea level. Del-Rosario and Davila-Aponte [22] 
have found that the intensity of muons with residual range 
of 100 g/cm? at a latitude of 29°N is (4.25 t 0.13) x 10% g“! 
cm’sec !sterad™!. Mishra and Sinha [23] have used a multi- 
plate Wilson cloud chamber to determine the mean intensity 
of muons with ranges between 15 and 60 g/cm’. Their result 
was (5.90 + 0.15) x 10° g1cm’sec"™! sterad”. 

It is clear from this data that cosmic radiation at sea 
level, and to a greater extent at high altitudes, is a source 
of slow muons with intensity which is adequate for many 
experimental purposes. Absorbers used in cosmic-ray 
studies to bring slow mesons to rest (metal plates, liquid 
and plastic scintillators and so on) can easily have volumes 
of the order of 10 litres, so that many experiments on the 
decay and absorption of slow mesons can be performed 
with cosmic-ray muons. 


7.6 POSITIVE EXCESS IN THE MUON COMPONENT 


An interesting feature of the muon component is an appre- 
ciable excess of positively charged particles. This positive 
excess may be characterized by the ratio r= N,+/N,-, 
which is considerably greater than 1 over practically the 
entire momentum range examined to date. Most of the 
measurements of the positive excess were carried out 
using magnetic deflection to determine the muon charge 
with simultaneous determination of the energy spectrum. 
Fig. 7.13 shows the positive-excess spectrum obtained by 
Weissenberg [18] at an altitude of 3250 m. The upper curve 
gives the positive excess for unfiltered cosmic rays from 
air; the lower curve gives the same plot for the hard com- 
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Fig. 7.13 Spectrum of positive excess at 3250 m 
above sea level 


ponent filtered by 9 cm of lead. We see that there is no 
positive excess for momenta below 2 x10% eV/c, In this 
part of the spectrum the soft electron-positron component 
has an appreciable intensity. This component is genetically 
related to y rays from neutral pion decays and one would 
expect an equal number of electrons and positrons in the 
spectrum at these momenta. 

In the spectrum of unfiltered radiation the positive excess 
commences near 2 x 10° eV/c and increases rapidly, reach- 
ing a maximum of r = 2 in the region of 5 x10*%eV/c. The 
appearance of the positive excess begins near the minimum 
proton momentum recorded by the apparatus (the total wall 
thickness of the counters in the magnetic spectrometer was 
0.2 mm of copper which corresponds to aproton momentum 
of 2.4 x 10% eV/c). This means that at low momenta the posi- 
tive excess appears as soon as the recorded particles in- 
clude protons. Further increase in the momentum (p > 9 
x 10° eV/c ) leads to a slow reduction in the excess, which 
tends to approach a steady value of 1.5-1.6. It might be ex- 
pected that the entire excess was due to protons, but an 
analysis of the spectrum of the hard component contradicts 
this conclusion. In fact, the spectrum of the positive excess 
in the hard component (see Fig. 7.13) does not include 
protons with ranges of less than 9 cm of lead, i.e. protons 
with momenta less than 7.7 x10? eV/c. Comparison of the 
spectra of positive excess for unfiltered radiation and for 
the hard component clearly shows that a considerable part 
of the positive excess in the spectrum ofunfiltered radiation 
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is connected with protons. However, it is clear from this 
curve that after the protons have been absorbed (and the 
electron-positron component has been removed) there re- 
mains a finite positive excess which must be ascribed to 
the meson component. This positive excessis r = 1.2540.06 
in the momentum band (2.4-7.7) x108 eV/c. Alikhanyan and 
Weissenberg [24] have extended these measurements to 
2x10" eV/c. Fig. 7.14 shows a summary of most of the 
published measurements of the positive excess in the muon 
component [5, 6, 8, 11, 25, 26, 27]. 

Analysis of the above data shows that in the momentum 
range (1-50) x 10° eV/c the excess lies between 1.2 and 1.3, 
and passes through a broad maximum, falling to zero at 
higher momenta. The existence of a positive excess in the 
muon component and the nature of its distribution over the 
spectrum has a simple qualitative explanation: it is due to 
the fact that the primary radiation is positively charged. 
Owing to charge conservation, this excess is transmitted 
from pions generated during interactions between primaries 
and atmospheric nuclei to muons produced in their decay. 


Positive excess T=N,/N_ for muons at sea level 


7 70 Momentum, GeV/c /40 
© Holmes et al. [ 9] 

* Owen and Wilson [ 6] o Moroney and Parry [ 26] 
A Caro et al. [5] V Brode and Weber | 27] 
x Filosofo et al. [ 25] s Pine et al. [ 3] 


Fig. 7.14 Spectrum of positive excess in the muon 
component at sea level 
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It is clear that the magnitude and energy spectrum of this 
excess should be connected with the pion generation multi- 
plicity. For large multiplicities the excess is distributed 
among the large number of secondary mesons, and should 
therefore decrease with increasing primary energy, i.e. 
with increasing multiplicity. Since with increasing multi- 
plicity there is an increase in the energy of the secondary 
particles, the positive excess should decrease withincreas- 
ing muon energy. Fig. 7.14 shows that this is in fact the 
case. The positive excess is also found to decrease with 
decreasing muon energy. For muon energies of about 10° eV 
it is about 1 or even slightly less than 1. This rapid reduction 
in the excess at lowenergies againhas a simple explanation. 
Slow muons originate in the decays of slow pions produced 
in the lower atmosphere where the primary component has 
almost completely disappeared through absorption. Slow 
pions are therefore produced by secondary nuclear-active 
particles, half of which are neutrons. Pions produced by 
neutrons do not exhibit a positive excess, thus explaining 
the reduction in the excess with decreasing muon energy. 


7.7 MUON INTENSITY AT GREAT DEPTHS 


The final point which we must discuss is the cosmic-ray 
flux at great depths underground where it consists mainly 
of muons. Underground measurements of the vertical muon 
flux have been performed by many workers beginning with 
Ehmert [28] who used Geiger-counter telescopes. They 
have been made to depths approaching 2 x 10° g/cm? water 
equivalent and are summarized in Fig. 7.15, which is based 
on all measurements between 1937 and 1955 [28-33]. The 
extension of these measurements tolarger depths introduces 
several problems. The principal difficulty is to finda suffi- 
ciently deep shaft in which the natural radioactivity of the 
surrounding rocks is low, Even in the most suitable shafts 
the flux due to radioactive contamination with an energy 
greater than a few centimetres of water equivalent is 9-10 
orders of magnitude larger than the muon flux. 

Barton [384] has carried out underground measurements 
of the vertical muon flux at depths of 1660, 3280 and 5050 m 
water equivalent, using a wide-angle telescope consisting of 
two rows of Geiger counters with an intermediate plastic 
scintillator. According to Barton, the cosmic-ray intensity 


324 Muons 


$ Ashton [35] 
È Pine et al. | 8 


=2 


0’ 


Fig. 7.15 Hard component of cos- 
7 mic rays at large depths under- 
4 ground. Solid curve shows the results 
of under-ground measurements. 
Experimental points represent in- 
tensities deduced from momentum 
spectra at sea level and the muon 
range-energy relation 


-9 
Sea level 


0 Ww 700 
Depth, m.w.e. 


at the first two depths, at which it probably consists entirely 
of muons, is 3 X10° and 10° of the intensity at the earth’s 
surface respectively. No cosmic rays were observed at 9050 
m water equivalent, and as an upper limit of the intensity 
Barton gives the figure of 10% of the intensity at sea level. 
Underground measurements of cosmic-ray intensity atsuch 
great depths are in fact measurements of theintegral range 
spectrum MN (œR) of the muon component of cosmic rays. 
This range spectrum may be obtained from the measured 
muon spectrum at sea level and the range-energy relation 
for high-energy muons. Comparison of the spectra will 
verify the validity of assumptions about the mechanism re- 
sponsible for energy losses experienced by muons traversing 
large amounts of matter. Calculations of such losses have 
been performed by Ashton [35], George [386], Barrett et al. 
[37], and others. 

Ashton derived an expression for the energy loss (in MeV 
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g'cm?) of fast muons in the ground. He assumed that the 
average values of the atomic number Z, the atomic weight 
A and density @ were 10, 20 and 1.9 g/cm? respectively. 
Ashton’s formula is 


ee 1.51 + 0.0766 fi Ne een 
dx moc 4E+m,c 
a | (7.1) 
+0.15-10 Eiin A + 2,1-1 SE MeVg tem? 
MaC 


where the first two terms describe ionization energy losses 

with a correction for the Fermi density effect. The quantity 
i Ee 

En = E + m,c?/2me 

mass m, can transfer to an electron of mass me. The third 

term in this formula gives the muon energy lost through 

bremsstrahlung: 


is the maximum energy which a muon of 


dE = 
ees =0.15-10 "Ein, —o.23 MeVg tom? 
dx M,C 
brems 
The main contribution to the last term in this formula is 
due to energy losses through pair production: 


=f] ~ 1.6.10 °F MeVg" ! cm? 
dx pair 


All of these energy-loss mechanisms involve the usual 
electromagnetic interactions. They are calculated subject 
to various approximations, and depend on the assumed 
average values of the atomic weight, atomic number and 
density of the ground. Calculations reported by other 
workers may therefore differ from those given above by 
10-20%. This discrepancy is not, however, too important 
since the statistical errors in the measured muon energy 
spectrum are large at high energies, and the accuracy with 
which the cosmic-ray intensity is measured at great depths 
underground is therefore not very high. 

The last term in the above formula includes a contribution 
due to ‘nuclear’ interactions of muons which we discussed 
earlier. According to approximate estimates carried out by 
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Ashton this is of the order 


(“| =0.5 10E MeVe- tem? (7,2) 
X 
nucl 


Experimental data confirming the existence of this 
mechanism for high-energy muons have been confirmed 
by many workers. They have been reviewed by George 
[36] and Fowler and Wolfendale [39]. It has been shown 
that high-energy muons give rise to nuclear disintegrations 
in matter, and that the cross-section for this process 
increases logarithmically with increasing muon energy. 
The observed phenomena can be explained as a non- 
classical electromagnetic effect with the framework of 
the Weiszacker-Williams theory. In this effect the motion 
of a charged meson gives rise to the appearance of a 
field of virtual photons which interact through the nuclear 
photo-effect with the nuclei in the medium. Assuming that 
the virtual photons are equivalent to the electromagnetic 
field of the high-energy muon, and that the cross-section 
for the photo-nuclear process is constant and roughly 
equal to 2 x 108 cm’, we are led to the expression given 
by (7.2). This mechanism can be used to explain all the 
nuclear interactions of fast muons known at present. We 
note that as the energy of the muon increases, the relative 
importance of non-ionization losses increases rapidly. For 
example, at energies of about 200 GeV, ionization losses 
amount to about 80% of the total energy loss, whilst at 
1000 GeV the fraction is only about 40%. 

Fig. 7.16 shows the range-energy ralation for fast muons 
obtained by Ashton on integrating Equation (7.1). He used 
this relation and the muon spectrum at sea level obtained 
with the large Durham spectrometer (curve 3, Fig. 7.6) to 
deduce the expected muon intensity at various depths under- 
ground (experimental points in Fig. 7.15). This is compared 
with the result of an analogous analysis performed by Pine 
et al. who used their own spectrum (curve 1, Fig. 7.6). 

These data confirm the validity of the assumed energy- 
loss mechanisms for fast muons. The satisfactory agree- 
ment of the muon intensity predicted from the range-energy 
relation and the sea-level spectrum with experimental data 
on the intensity of the muon component underground shows 
that no substantial loss mechanisms have been ignored in 
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Fig. 7.16 Range-energy relation for high-energy 
muons 


this calculation. It is evident from the curves of Fig. 7.6 
that this result is valid up to muon momenta of the order 
of 10" eV/c, although in this region statistical uncertainties 
in the results are high, so that the existence of the photo- 
nuclear mechanism for muons at this energy cannot as 
yet be established. 

In addition to the integral intensity of the hard component 
at great depths underground, there have recently beensome 
measurements of the muon momentum spectrum in under- 
ground laboratories at depths of about 40 m. The most 
detailed measurements of this kind have been carried out 
with magnetic spectrometers by Dayon and Potapov [40], 
Ashton et al. [41] and Cousins and Nash [42]. Comparison 
of surface spectra with those obtained at these relatively 
small depths has again confirmed the absence of muon 
interactions other than those due toelectromagnetic effects. 
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